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1.1 Catalysis with Well-Defined Organometallic Compounds
A catalyst is widely defined as a species able to accelerate a chemical reaction. In
particular, a catalyst offers an alternative path for the reaction with significantly lower
activation energy as compared to the uncatalyzed process.1 A catalyst changes the kinetics but
not the thermodynamics, thus the overall change in free energy is the same for both catalyzed
and uncatalyzed reaction (Figure 1.1-1). In organometallic catalysis, activation energy
decreases through coordination of substituents to a transition metal center, thus promoting the
reaction.2,3 Furthermore, a catalyst enhances product selectivity by accelerating just one of the
competing reaction sequences when  alternative routes exist. Thus, important processes can be
carried out under industrially feasible conditions of pressure and temperature simply by using
a catalyst. Currently, 85-90 % of the products of chemical industry are made in catalytic
processes and this percentage is steadily increasing.1
Figure 1.1-1 Potential energy diagram for a catalytic reaction.
In catalysis, it is customary to distinguish three sub-disciplines: homogeneous,
heterogeneous and bio-catalysis. Research in the field of homogeneous catalysis has been
characterized by a flourishing growth in the development of organometallic complexes. One
of the most important tools for organic synthesis is the application of transition metals for the
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preparation of fine and basic chemicals. The use of organometallic compounds in the
industrial production of high value chemicals is driven by economic and environmental
requirements. Transition metal catalyzed transformations can go through different reaction
pathways reducing the reaction steps. In addition, the control of the selectivity may
dramatically reduce, in some cases, the production of unwanted byproducts. The ability of
transition metal complexes to catalyze organic transformations constitutes a strategy to
address both selectivity and atom economy, which are important goals for synthetic
chemistry.2
Figure 1.1-2 shows some important transformations that may be carried out by transition
metal complexes. Among them, hydrogenations and C-C couplings, extensively treated in the
present thesis, are very useful tools for the fine chemical industry. Besides the wide use of
heterogeneous systems, organometallic compounds are finding broader application in
hydrogenation processes. What’s more, a proper choice of the ligands allows a good control
of the stereoselectivity. Regio- and chemo-selectivity of the process are also rather important
when there are two or more unsaturated functional groups in the substrate (the regio-selective
reduction of dinitriles will be part of the discussion in this thesis).
Figure 1.1-2 Selected chemical reactions applied in fine chemicals synthesis.
The use of transition metal complexes in carbon-carbon bond formation has been well
explored.4 The C-C bond coupling reactions include a rather wide spectrum of
transformations such as cyclopropanations, cross-couplings, vinylations and metathesis. In
particular, ring-closing metathesis in a new solvent system will also be part of the following
discussion. Some C-C couplings comprise the activation of aromatic and/or aliphatic C-H
bonds. Since hydrocarbons are the cheapest and among the most available compounds
(representing the main constituents of oil and natural gas), the development of transition metal
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catalysts for the activation of C-H bonds is one of the major challenges of modern chemistry.2
Quite a significant part of the work described in the present thesis deals with the synthesis and
applications of more stable and active catalysts for the C-H activation of aromatic
compounds.
In summary, organometallic synthesis represents a notable component of catalysis in
industry. The development of industrial processes, carried out by transition metal complexes,
includes the choice of the metal center as well as the synthesis of ligands able to affect
positively the course of the reaction. Thus, a continuous interest is addressed toward the
synthesis and the characterization of new ligands and complexes for more active, stable and
selective catalysts.
1.2 Metal-Carbenes
Among organometallic compounds used so far in catalysis, metal alkylidene-complexes
(or metal carbene-complexes) occupy an important role. Carbenes are uncharged compounds
with a divalent carbon atom and two unshared electrons. They can be assigned to two
nonbonding orbitals with parallel spins (triplet carbene) or with anti-parallel spin (singlet
carbene) in two orbitals or as a lone pair. Carbenes have played a significant role in organic
chemistry since the first evidence of their existence. It was Fischer who first introduced
carbenes into inorganic and organometallic chemistry in 1964 by isolating the complex 1
(Figure 1.2-1).5a Only 4 years later Öfele and Wanzlick described the synthesis of two new
transition metal complexes containing N-heterocyclic carbene ligands (2 and 3 in figure
1.2-1).5b, 5c
W
C
CO
OMeR
OC CO
COOC
N
N
CH3
CH3
Cr(CO)5
N
N
C6H5
C6H5
Hg
N
N
C6H5
C6H5
1 2 3
Figure 1.2-1 Early examples for metal-carbene complexes.
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These important results motivated chemists to discover more efficient stoichiometric ways to
generate metal-carbene intermediates or complexes and understand their reactivity.6 The
structure of the complex 3 (Figure 1.2-1)5c was determined in 1971,7 and in the following
years few solid state structures of this type were reported in the literature. The data obtained
suggested that in comparison to Fischer-type (1) and Schrock-type (4, figure 1.2-2) carbene
complexes, imidazole-derived ylidenes show long metal-carbon distances commonly
represented with a single bond.
The reactivity of a metal-carbene complex depends on the metal as well as on the nature of
the carbene ligand. As a result of their reactivity to either nucleophiles or electrophiles the
complexes of type M(=CRR’)(L)n are commonly classified as Fischer- and Schrock-type.
Fischer-type carbene complexes5a contain a low-valent (middle to late) transition metal and
strong acceptor coligands in their coordination sphere so that the carbene carbon behaves as
an electrophile. In contrast, in the Schrock-type carbene complexes (Figure 1.2-2)4, 8, a
high-valent transition metal (early to middle) and donor coligands create a reversed polarity of
the M-C bond and the carbene behaves as a nucleophile.9a Fischer type carbenes normally
contain alkoxy or dialkyl amino substituents at the carbon atom, while Schrock-types have
CR2 (R = H, alkyl or aryl group) coordinated to the metal center. The first synthetic method to
obtain these carbene complexes, developed by Schrock, starts from metal halide, while
Herrmann and Roper employ diazomethane.9
Mo
C
N
HMe3C
RO
RO
Me2HC
Me2HC
4
Figure 1.2-2 Schrock-type carbene-complex.
The interest toward allenylidene, vinylidene and carbene compounds arises from their
activity in organic and organometallic synthesis as well as in catalytic processes.6, 10 To
understand the importance of metal-carbene complexes, a classification based on the
reactivity of the carbene moiety may be used. When a metal-carbene is used in catalysis the
carbene ligand can actively participate in the reaction or simply stabilize one or more
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intermediates. The transformations in Scheme 1.2-1 and 1.2-2 are examples of carbene-ligand
centered reactions.
(OC)5Cr
NMe2
(OC)5Cr
NMe2
Ph
OH
HC(O)CH(Ph)CH3
5 6
Scheme 1.2-1 Aldol reaction of metal-carbene.
(OC)5Cr
OMe
+
Cr(CO)5
MeO
7 8 9
Scheme 1.2-2 Metal-carbene Diels-Alder reaction.
Turning our attention to the discussion on ruthenium-carbene complexes, which will be the
central focus of this thesis, an important example of reactivity is represented from the first and
second-generation Grubbs’ catalysts (10 and 11, figure 1.2-3). Because of their functional
group tolerance, ruthenium-based catalysts have found important applications in olefin
metathesis and complexes 10 and 11 are the most widely used nowadays. In both cases, the
alkylidene moiety participates in the formation of the key intermediate 14 in the catalytic
cycle (Scheme 1.2-3). 8, 11
Ru
Cl
Cl
PCy3
PCy3
Ru
Cl
Cl
PCy3
NN
RR
10 11
Figure 1.2-3 First (10) and second generation (11) Grubb’s catalysts for olefin metathesis.
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However, complex 11 contains also a NHC (N-heterocyclic carbene) ligand replacing one
PCy3 ligand as compared to 10. The NHC ligand is not changed during the reaction, but leads
to increased activity and stability of 11 as compared to 10.10-12 Moreover, it was found that
different NCH ligands are optimal for different applications. By their electronic
(good σ-donors) and structural properties (easily endowed with sterically hindered
substituents on the nitrogens) N-heterocyclic carbenes stabilized the intermediates of type 12
against uni- and bimolecular decomposition pathways (Scheme 1.2-3). In this way, the loss of
phosphine, considered a key step of the catalytic cycle, is favored by the formation of a more
stable metal complex (active species 12). Even if the NHC-ligand is not directly involved in
the reaction, its properties translate into catalysts of greatly improved reactivity and stability
as compared with the bis-phosphine precursor 10.12
Ru
Cl
Cl
L Ru
Cl
Cl
L
Ru
Cl
Cl
L
12 1413
R'
R"
R"
R'
R"
R'
Scheme 1.2-3 Olefin metathesis process: key steps of the catalytic cycle according to the Chauvin mechanism.
L = phosphine or carbene ligand.
The chemistry of ruthenium-carbene complexes has experienced a great deal of progress
in recent years.13 Numerous examples were synthesized and characterized even before the free
carbene ligands became available through the work of Arduengo in 1991,14 and expecially
after, Hermann and coworkers noted the similarity of phosphines and N-heterocyclic carbenes
in terms of their metal coordination chemistry.15
Seven years after the synthesis of complex 1 by Fischer, Green and coworkers described
the first ruthenium carbene-complexes.16 The synthetic approach used at that time was quite
similar to the one used before by Fischer (Scheme 1.2-4).
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Ru
OC
Cy3P
O
Ru
OC
Cy3P
OH
H+
15 16
Scheme 1.2-4 The first ruthenium(II) heteroatom substituted carbene complexes.
During the 1970s many ruthenium carbene complexes were prepared and all of them
had one or more heteroatom on the carbene carbon to stabilize the molecule.17 The same idea
opened the way to the isolation of free heterocyclic carbene as previously cited.14, 18
Ru
Cl
Cl
PPh3
Ph
Ph
PPh3
RuCl2(PPh3)3
Ph Ph
1817
Scheme 1.2-5 Synthesis of the first defined ruthenium(II) metathesis catalyst.
The discovery by Grubbs of the catalytic activity of carbene complexes of type
[RuX2(=CHR)L2] (X = anionic ligand, L = tertiary phosphine) in olefin metathesis was of
great interest to organometallic chemistry. As shown in scheme 1.2-5 the first defined
ruthenium(II) metathesis catalyst 18 was synthesized starting from a phosphine precursor.8
Olefin metathesis will be part of the discussion in this thesis. The potential of this strong
synthetic tool will be applied in a new solvent, toward the development of more efficient and
environmentally friendly processes.
The synthesis of carbene complexes of ruthenium still remains an area of great interest
because of the manifold of applications in organic synthesis for C-C carbon forming
reactions. Many ruthenium-carbene or allenylidene complexes are synthesized from
phosphine complexes as precursors.18-19 N-heterocyclic carbenes are in particular good σ-
donors, because of the free electron pair on the carbon atom, and they may also substitute for
a strong Lewis base such as phosphine ligands.18 Thus, the substitution of a phosphorus ligand
is one of the most commonly used methods to obtain complexes containing NHCs ligands
which opens a way to new classes of complexes. Moreover, the reactivity of these N-
heterocyclic ring derivates very often allows the use of mild reaction conditions. An important
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part of the work presented in this thesis deals with the preparation and catalytic properties of
new non-classical hydride ruthenium complexes containing IMes (1,3-dimesityl-1,3-dihydro-
2H-imidazol-2-ylidene) ligands. To our knowledge, these compounds represent the first
examples of metal complexes containing both basic (IMes) and acidic (H2) ligands in the
same coordination sphere.
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1.3 Background and Aim of This Thesis
1.3.1 Synthesis of novel non-classical hydrides ruthenium-carbene complexes
Non-classical hydrides, the last σ-ligands bared to light,20 as well as N-heterocyclic
carbenes may play a fundamental role in organometallic synthesis. Although these rather new
ligands have been largely used for the synthesis of organometallic complexes, applications in
catalysis, particularly for non-classical hydride containing compounds, are limited.
Before the first organometallic complexes containing molecular hydrogen were reported
in the literature, non-classical hydride metal complexes were inferred as key intermediates in
the hydrogenation reaction.21 An interesting direct catalytic application in C-C coupling was
reported recently by Chaudret and coworkers.22 They discovered that their complex
[Ru(H2)2H2(PCy3)2] (19), containing two non-classical hydride ligands (Figure 1.3.1-1), was
an efficient catalyst for the Murai-type coupling between aromatic ketones and olefins. In
contrast to the original carbonyl-complexes used by Murai, the Chaudret’s complex is active
already at room temperature.22
19
Ru
PCy3
PCy3
HH
H2H2
Ru
PCy3
HH
H2H2
Ru
HH
H2H2
NN MesMes
NN
N N
MesMes
Mes Mes
20 21
Figure 1.3.1-1 Chaudret’s complex and the related NHC analogs.
Further studies performed thereafter on the catalytic activity of complex 19 showed a
substrate independent deactivation pathway which occurs under catalytic conditions. This
instability of the catalyst was confirmed by the detection of free PCy3 ligand in the catalytic
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solution.23 The work described in this thesis is aimed at the synthesis of new, more stable and
active Chaudret’s complex derivatives. The impetus developed here is to combine the
stabilizing effect of N-heterocyclic carbenes15 and the interesting reactivity of non-classical
hydrides20 in the same coordination sphere in complexes 20 and 21. N-heterocyclic ylidenes
have donor groups on the carbene center that enhance the nucleophilicity of the carbon atom
and the thermodynamic stability. For this reason carbenes are an attractive alternative to
phosphorous ligands.15 Among the N-heterocyclic ring derivatives, now available through
widely varying synthetic routes, the IMes ligand has been chosen for the purposes of this
work.14, 15 This aromatic and structurally hindered ligand has been already successfully
applied in the synthesis of the second generation Grubbs catalyst for olefin metathesis.8, 11 The
synthetic approaches (preparation of the IMes, the ligand exchange, transmetallation via silver
compounds etc..), as well as the structural and electronic features of these novel non-classical
hydride ruthenium-carbene complexes will be extensively discussed in the present thesis.
Special consideration will be given to the stability of these compounds, mainly as they relate
to the presence of the carbene ligand. What’s more, the discussion will include a comparison
of 20 and 21 with the Chaudret’s complex 19.
1.3.2 Reactivity and catalytic applications of novel ruthenium-carbene complexes
Currently various catalytic processes involving C-H activation of saturated and
unsaturated compounds create new C-C bonds. Examples of C-C bond formation processes
are extensively present in the literature. These days, the C-H activation is one of the main
targets for organic and inorganic chemists because quite often this would represent a key step
in many important transformations.2a, 24 Among the hydrocarbons, aromatic and
heteroaromatic compounds are undoubtedly useful substrates for the C-H activation since they
are used as building blocks for the synthesis of many pharmaceutical and agrochemical
products. The coupling between aromatic ketones and olefins25 (Murai’s reaction) represents
the reaction of interest for the initial stage of the studies on the synthesis of new ruthenium-
carbene complexes reported in this thesis. Thus, the activity of the new ruthenium complexes
in the activation of aromatic and aliphatic C-H bonds will be the topic of a broader
investigation in this work. After screening various substrates for the Murai coupling, the
carbene-complexes will be tested in the C-H activation of substituted aromatic substrates, in
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particular via H/D exchange. These results will be compared with those reported earlier for
other non-classical hydride metal complexes.
Previous reports on the reactivity of these σ-complexes in hydrogenation reactions,
either as catalysts27 or as key intermediates,21, 26 encouraged further investigations into the
catalytic activity of the new carbene-complexes. Results of previous studies, as well as those
of the present thesis will be reported regarding the hydrogenation of ketones and nitriles
carried out with a novel mixed phosphine/carbene ruthenium catalyst. More specifically, the
results obtained with the selective reduction of adiponitrile to aminocapronitrile will be
described in further detail.
1.3.3 New solvents for ring-closing olefin metathesis
Olefin metathesis, known since the 1950s, still attracts the interest of many research
groups as a tool for selective organic synthesis (Scheme 1.3.3-1).8 A breakthrough in the
preparation of active catalysts for this reaction was obtained with the synthesis of the
carbene-complex 10 (Grubbs catalyst, figure 1.2-3), where the bulky and strongly
electron-donating phosphine ligands are combined with the readily initiating
benzylidene-moiety.11 Scheme 1.3.3-1 shows the most general mechanism of olefin
metathesis, however, depending on the substrate (cyclic or linear) and on the final product
(cyclic, linear and/or polymer), a variety of these reactions can be performed (Scheme 1.3.3-
2).
M
R
R2 R1
M
R
R2 R1
M R
R2 R1
Scheme 1.3.3-1 General scheme for olefin metathesis: R, R1 and R2 = alkyl groups.
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X
n
X
n
X
RCM
ROMP
ADMET
X
R
+
X
R
ROM
Scheme 1.3.3-2 Examples of olefin metathesis reactions. RCM = ring-closing metathesis; ADMET = acyclic
diene metathesis polymerization; ROMP = ring-opening metathesis polymerization; ROM = ring-opening
metathesis.
To improve the applicability of olefin metathesis, this catalytic system was recently
applied to biphasic processes.28 The development of catalytic processes should take into
account the impact on the environment and the various economic aspects. Due to the high cost
of the most common metals used in catalysis, recyclability of the catalyst is one important
attribute that affects the economic features of the entire process. Furthermore, an efficient
recovery of the catalyst reduces waste generation allowing for the production of highly pure
final products.29 An example of an effective catalyst recycling is shown in the report of
Fürstner and Leitner. They showed that supercritical (Tc = 31 °C, pc = 73.8 bar, dc = 0.477
g/mL) and liquid carbon dioxide can be used as a solvent and that the products are extracted
and then isolated by releasing the CO2 pressure through a cold trap, leaving the Ru-complex
in the reactor.30 Moreover, fine tuning of the CO2-density during the reaction allows
density-dependent product control, with the RCM product being favored for d(CO2) > 0.65
g/mL and ADMET prevails below this threshold.30b
Ionic liquids are a new class of solvents composed only from ions which are considered
to be an environmentally friendly alternative for conventional solvents. They are non-volatile
and their immiscibility with water and with some organic solvents provides an alternative for
two-phase systems.31 Moreover, CO2 is soluble in ionic liquids while ILs are not soluble in
CO2, thus allowing an efficient biphasic catalytic system.32
The last part of this thesis will focus on the RCM of standard substrates in ionic liquid.
Ionic liquids are explored as the catalytic immobilization phase while pentane or CO2 stream
is used to isolate the products. The performance of this system will be successively tested in
the ring-closing metathesis of various functionalized substrates.
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2 Novel Non-Classical Hydride Ruthenium Complexes
Containing Carbene Ligands
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2.1 N-Heterocyclic Carbenes as Ligands for Catalysis
2.1.1 Main electronic and structural features of N-heterocyclic carbene ligands
Carbene ligands have attracted the attention of many research groups since 1964 when
the first carbene-complex was isolated by Fischer.1 Carbenes are commonly defined as
uncharged compounds with a divalent carbon atom and two unshared electrons. They are
generally represented as in figure 2.1.1-1.2
X
C
Y
:
Figure 2.1.1-1 General structure for carbene compounds.
These molecules, previously considered too unstable to be isolated, were extensively
studied and since then an extensive effort has been made to define the electronic features
responsible for their reactivity. Today, thermodynamically stable carbenes have heteroatoms
directly bonded to the carbon.3 Among all the possible combinations, “carbon diamides” have
been proven most stable. Thus, presently, many available free carbenes have the structures
shown in figure 2.1.1-2.2 Detailed studies on the electronic properties of N-heterocyclic
carbenes (NHCs) show that, due to the nitrogens, the carbon atom benefits from a
push-pull-effect. Amino groups may act, indeed, as π−donating (mesomeric effect) and
σ−withdrawing (inductive effect) groups.
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Figure 2.1.1-2 “Carbon diamide” carbenes: 1 = Imidazolylidenes; 2 = Pirazolinylidenes; 3 = Triazolinylidene;
4 = Imidazolinylidenes.
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Figure 2.1.1-3 Push-pull effect on the carbene carbon: mesomeric and inductive effect (the numbers near the
atoms represent the electronegativities).
Thus, both kinetic (steric hindrance) and thermodynamic factors (electronic effect)
contribute to the stability of NHC ligands (Figure 2.1.1-3). Most of the carbenes prepared so
far contain, indeed, sterically demanding groups on the nitrogen. However Wanzlick and his
coworkers recognized that aromatic resonance in unsaturated N-heterocyclic five-membered
rings also strongly contributes to carbene stability.2, 4, 5
In 1991 Arduengo first reported on the preparation of a free N-heterocyclic carbene.6
Nowadays there are various synthetic approaches to obtain NHCs which have been
extensively reviewed.7 As shown in scheme 2.1.1-1, carbenes are often obtained from the
corresponding imidazolium salts. Besides this, the increased use of carbenes as ligands for
catalytic complexes encouraged the development of new synthetic strategies involving also
the use of chiral intermediates.8
Since the first synthesis reported by Arduengo,6 the possibility of obtaining
N-heterocyclic carbenes in crystalline form opened the way to a deeper characterization of
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their structural and electronic features (X-Ray, neutron diffraction etc…).9 Considering as an
example the 2,3-dihydro-1H-imidazol-2-ylidenes (4 in figure 2.1.1-2), when the R groups on
the nitrogen are methyl, tolyl- or adamantly-, the N-C-N angle is around 101-102°. Generally
these values are within a narrow range and they are significantly smaller than the one
measured for the corresponding imidazolium salts (around 108°). Carbenes have slightly
longer C-N1(N3) distances (1.37 Å) as compared with imidazolium cations (1.33 Å), this
probably being due to a less pronounced π-delocalization in ylidene rings.6, 9
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Scheme 2.1.1-1 Synthetic routes to imidazolium salts and imidazolin-2-ylidenes derived thereof: R and R1 may
be alkyl or aryl groups.
2.1.2 Reactivity and catalytic applications of NHC ligands
Due to the σ−type lone pair and to the empty p orbital on the carbon atom, NHCs may
react as nucleophiles and electrophiles. Alder and coworkers studied the basicity and the
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nucleophilicity of N-heterocyclic saturated ylidenes. The pKa = 24, measured for
1,3-diisopropyl-4,5-dimethyl-2,3-dihydro-1H-imidazol-2-ylidene, indicates a strong base.10
N-heterocyclic unsaturated carbenes can indeed interact even with weak Lewis’ acids, at the
same time increasing their π-delocalization. In this sense, an imidazolium salt is the adduct of
the carbene with the strongest Lewis acid, a proton. As nucleophiles NHCs can be used as
strong tools in synthetic chemistry.11-14 The reactivity of the N-heterocyclic carbenes strongly
depends on the electronic distribution. Theoretical calculations show that the dimerization of
imidazolylidenes (aromatic rings) is enthalpically favorable but entropically unfavorable. In
contrast, the formation of electron-rich olefins is rapid and irreversible for imidazolinylidenes
(saturated rings) unless bulky substituents are present near the carbene carbon.9
The increased interest towards N-heterocyclic carbenes as ligands for transition metal
centers is mainly due to their applications in catalysis. The profitable work of many research
groups has shown that both low and high-oxidation state transition metals are compatible with
“Wanzlick-Öfele” carbene ligands (NHCs). As σ-donors these diaza-allyl systems can
substitute typical 2e- donor ligands such as amines, ethers and phosphanes.7, 10-15 In 1993
Herrmann and coworkers observed a striking similarity between electron-rich
organophosphanes (PR3) and N-heterocyclic carbenes (NHCs) because of their metal
coordination chemistry.15 Furthermore, from the thermo-dynamic studies performed by
Nolan,16 it has been shown that carbenes generally behave better as donors than phosphane
donor ligands, with the exception of the extremely sterically hindered ones.
W
COOC
COOC
L
CO
V
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LL
Cl
Cl
Ti
ClCl
ClCl
L
L
NNL =
14 15 16
Figure 2.1.2-1 Early examples of transition metal complexes containing N-heterocyclic carbene ligands.
Until now, many carbene-complexes were obtained in crystalline form, thus allowing
the determination of numerous structures (e.g. 14-16). These studies indicate that carbenes
generally do not significantly change their geometrical features when directly bonded to the
metal. The M-C bonds are rather long (> 210 pm) and, depending on the degree of steric
hindrance, the carbene can rotate around the metal-carbon axis.
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Examples reported in the literature show how the modification of well established
metal complexes with carbene ligands very often results in more active and/or more stable
catalysts.17 Palladium is one of the most common metal centers for NHCs containing
complexes which has been successfully applied in coupling reactions. The groups of Hermann
and Nolan reported about the Suzuki-type coupling of aryl-bromides and chlorides with aryl
boronic acids catalyzed by complexes 17 and 18 (Scheme 2.1.2-1).18 These examples
highlight the potential advantages associated with the use of NHCs-modified catalysts:
 I. NHCs give exceptionally stable M-C bonds towards hydrolysis and high temperatures;
 II. They are readily available ligands;
 III. There is never the need to use an excess of ligand;
 IV. Easy modifications of the ligands can open the way to biphasic systems and to
asymmetric reactions by the synthesis of chiral NHCs.18b
Pd
X
X
N
N
N
N
R
Cl
B(OH)2
R
17 or 18
+
Pd
N
Br N
NN
N
Br
17 18
19 20 21
Scheme 2.1.2-1 Suzuki-type coupling reaction catalyzed by NHCs modified palladium complexes.
The improved stability of NHCs-modified palladium complexes is illustrated by the
unchanged activity of 18 in air at 184 ºC.18b
The use of N-heterocyclic carbenes showed its strength in metathesis reaction probably
more than in any other applications.19 Ruthenium-complexes have shown high tolerance to
many functional groups but NHCs have made ruthenium the most promising “olefin-
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metathesis-metal”. Moreover, as extensively reported by Fürstner et al., the activity of the
catalyst can be tuned by changing the electronic and steric properties of the NHC ligand.20
In 1997 Herrmann reported the hydroformylation of vinyl-arenes catalyzed by
NCH-rhodium catalysts. Despite the fairly good regio-selectivity obtained in the
hydroformylation of styrene with the complexes 22 and 23 (Figure 2.1.2-2) the catalytic
activities are still low.21a Due to the success achieved with the Ruhrchemie/Rhône-Poulenc
process, the concept of two-phase catalysis is increasingly being investigated; It is therefore
not surprising that also water-soluble NCH-metal complexes are now known .21b However,
modifications with NHC ligands applied to date have not significantly improved the activities
of well established hydroformylation catalysts.
Rh
ClPh3P
Ph3P
N
N
Mes
Mes
23
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ClOC
Ph3P
N
N
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22
Figure 2.1.2-2 Rhodium complexes for hydroformylation containing NCH ligands.
One of the points of emphasis of this thesis is C-H activation. Scheme 2.1.2-2 shows
possible intramolecular C-H activations of metal complexes containing carbene ligands.22
Activation of methane has been obtained with the palladium complex 17, already applied for
the Suzuki type coupling (Scheme 2.1.2-3).23 This system gives methane activation under
exceptionally mild conditions (20 bar CH4 at 80 °C).
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Scheme 2.1.2-2 Intramolecular C-H-bond activation mediated by iridium complexes containing carbene ligands.
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Scheme 2.1.2-3 Methane activation by palladium complex 17.
The synthesis of chiral carbenes for catalytic applications is acquiring more and more
importance in organometallic chemistry. Depending on the desired final product the
organometallic complexes can be obtained both from the imidazolium salts by treatment with
a base in presence of a transition metal precursor (Scheme 2.1.2-4 route a) or by direct
reaction with a complex containing basic ligands (Scheme 2.1.2-4 route b).8 Wanzlick and
Öfele used this method to synthesize the first imidazolylidene complexes.3 Transferring one
or more ligands from silver-carbene complex represents a new efficient way to chiral catalysts
(Scheme 2.1.2-5). The driving force of this transfer reaction is the formation of a silver salt
insoluble in commonly used solvents.24 Transmetallation reactions offer a new reasonable
alternative for the preparation of metal complexes containing N-heterocyclic carbenes which
are too unstable to be isolated.
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Carbene-complexes containing non-aromatic NHC ligands are usually prepared by
deprotonation of the imidazolium salt (Scheme 2.1.2-5 route a). This method opened the way
for the synthesis of second generation Grubbs’ catalysts and similar important
ruthenium-complexes, such as 39 (Figure 2.1.2-3) which were successfully used for the
enantioselective ring-closing metathesis.25 However, the first chiral imidazolinylidene
complex was synthesized by Lappert using a reverse dimerization process, heating the dimer
in the presence of a metal complex precursor.26
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Scheme 2.1.2-4 Synthesis of chiral transition metal-carbene complexes: a) Treatment of imidazolium salt with a
base and with a metal precursor; b) Treatment of imidazolium salt with a complex containing basic ligands.
In summary, carbenes are readily obtainable as ligands for transition metal complexes
via various synthetic methods. The availability of these compounds today is largely
influenced by precedent detailed studies on their electronic features and the synthesis of free
stable carbenes. The most widely used carbenes are N-heterocyclic ring derivatives,
containing stabilizing nitrogen atoms bonded to carbene carbon. N-heterocyclic carbenes
proved to be important alternatives to phosphine ligands, in virtue of their enhanced
nucleophilicity, which can stabilize metal centers in high and low oxidation state. In addition,
carbenes can be modified easily to give chiral metal-complexes, thus increasing their wide
application in catalysis.27
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Scheme 2.1.2-5 Synthesis of complexes containing chiral NHCs by transmetallation.
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Figure 2.1.2-3 Example of chiral ruthenium carbene-complex used in ring-closing metathesis.
Chapter 2
32
2.2 Non-Classical Hydrides Complexes
“Hydrogen, we know everything about this molecule and the bond in it, but can we
really predict its reactivity?” Prof. R. Noyori (Asymmetric Hydrogenation: Science and
Opportunities; Lecture given at Namur, Belgium, 12th November 2003).
2.2.1 Structure and bonding of non-classical hydride ligands
The discovery by G. J. Kubas in 1983 of stable coordination of a hydrogen molecule to
a metal in complex 40 was a breakthrough in the historical development of coordination
chemistry.28
40
W
CO
COOC
PR3
PR3
H
H
M-H2 bond, representing the last important example of σ-coordination, was observed 33
years after the metal-olefin π-bonding model by Dewar29 was first brought to light. The
pioneering work of Kubas attracted great interest in this new coordination mode and
fascinated both organometallic and theoretical chemists. This subject represents a nice
example where theoretical studies paralleled and stimulated experimental work by developing
new and stronger calculation methods to gain continually better insights into the plethora of
aspects characterizing the σ-bond coordination. The first structural characterization of 40
arrived only four years after the synthesis28 while the first olefin complex, the Zeise’s salt
K[PtCl3(C2H4)]H2O, was prepared even before the periodic table was established (1837).
Nowadays more than 200 publications report about theoretical studies on the M-H2 system.
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The σ− bond represents a complementary expansion of the well known π-bond
coordination.29 As shown in figure 2.2.1-1, the bonding to the metal results from sharing
electrons of a covalent bond, whereas for simple Werner-type complexes free atomic
electrons are employed.
Figure 2.2.1-1 Possible ligand coordination modes in in transition metal complexes.
From the initial studies, the bond between a metal center and the molecular hydrogen or
other σ -coordinating ligands has been termed nonclassical, in analogy to the three-center two
electrons bond system (3c-2e) observed for carbocations and boranes (Figure 2.2.1-2). The H2
represents the only symmetric σ-ligand, whereas most other molecules which can give
M-(η2-HX) coordination are asymmetric. For asymmetric ligands, the X-Ray structure
analysis shows that one of the two coordinated atoms is closer to the metal then the other.
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Figure 2.2.1-2 Examples of nonclassical three-centers two-electrons (3c-2e) bonding.
An important contribution to the development of complexes containing nonclassical
hydride ligands came from the work of Chaudret and coworkers. Already in 1983 this group
published about the synthesis of polyhydride ruthenium complexes of the type [RuHn(PPh3)2]
and, in particular, in 1985 about a hexahydride complex of formula [RuH6(PCy3)2] (41).30 At
that time, the complete structural characterization of 41 was not possible but spectroscopic
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evidence revealed the presence of H2 ligands.31, 32a In 2000, the X-Ray analysis finally
confirmed its formulation as the non classical hydride ruthenium complex 41.32b
41
Ru
PCy3
PCy3
HH
H2H2
Figure 2.2.1-3 Chaudret’s complex 41.
Today several complexes containing H2 ligands have been synthesized, a great part of
which contain phosphines or electron-donating ancillary ligands. In general, it is possible to
obtain these organometallic compounds by direct reaction with hydrogen, by protonation of
hydride complexes or by reduction reactions.28
The general picture in figure 2.2.1-1 shows that the stable coordination between
hydrogen and the metal is based on two components: the donation from the filled H2 σ-orbital
to the empty d-orbital at the metal and the back-donation of d electrons to the antibonding
σ∗−orbital of the hydrogen ligand. This coordination mode is similar to the metal back-
donation to π*-orbitals in the Dewar-Chatt-Duncanson model for olefin coordination (Figure
2.2.1-1).29 Even if the main contribution to the binding results from the σ-donation, the back-
donation is a fundamental feature influencing both electronic and structural characteristics of
the H2 entity in the metal coordination sphere. The stability of the H2 ligand depends on its
activation toward homolytic cleavage, to give the oxidative addition product, or to heterolytic
cleavage resulting in formation of H− and H+ (Figure 2.2.1-4). When the retrodative bond is
favored in the equilibrium between back- and σ-donation the hydrogen ligand is activated
toward oxidative addition, vice versa it will be acidic.
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Figure 2.2.1-4 Pathways for the H-H bond cleavage.
The σ−coordination of hydrogen to metal centers has attracted the attention of many
researchers because of the importance of M-(η2-H2) systems as possible intermediates in
hydrogenation reactions.33 Both pathways shown in figure 2.2.1-4 have been identified in
catalytic hydrogenation as well as for other σ−bond activation, such us C-H cleavage. As the
back-donation results in population of the high energy level orbital in the H2 molecule the
strength of the H-H bond decreases with consequent increase of the distance dH-H. Therefore,
if the back-donation is strong enough, the H-H bond will be broken to give two classical M-H
bonds as a product of the formal oxidative addition of hydrogen to a metal. This process is
equivalent to a homolytic splitting of the H2 molecule. In this way, the back-donation may be
interpreted as a “blocked” oxidative addition and its degree determines the position in this
reaction coordinate (Figure 2.2.1-5). Although back-donation of the metal-centered electrons
into the σ*-orbitals of the H2 ligand will result at the end in the H-H splitting, a certain
amount of back-donation seems to be crucial for the formation of stable η2-H2 entities. In fact,
so far no M-H2 complexes were isolated from main group metals.
Figure 2.2.1-5 Classification of the MH2 complexes according to H-H bond distances from crystallography and
NMR analysis.
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Factors, which can control the dH-H in the η2-H2 ligand, can be listed as follows:
? Capability of the metal to donate electrons: positively charged or less
electron-rich metals from the first and second transition rows are less efficient
donors.
? Trans-effect: good electron withdrawing ligands, such as CO, in trans position
to the H2 group can decrease the donation from the metal.
The heterolytic cleavage and the consecutive proton transfer to a basic ligand in the
same coordination sphere (intramolecular mechanism) or to an external base was found to be
the crucial step both in hydrogenation processes33, 34 and biological systems (metalloenzymes
and hydrogenase).28, 35 Molecular hydrogen is an amphoteric ligand because it can act both as
Lewis acid and as Lewis base depending on inter- and intramolecular electronic surroundings.
Surprisingly, the H2 ligand can indeed be a stronger acid than sulfuric acid when bonded to an
electrophilic or positively charged metal center giving in some case a pKa = - 6 (40 units
lower than the one measured for the free H2 molecule).36
Back-donation also restricts the freedom of rotation the H2 ligand because of the
necessity to maximize the overlap between the full d-orbitals at the metal with the empty
σ∗-orbitals on the hydrogen. All the factors influencing the equilibrium between classical and
non-classical coordination of the hydrogen must be taken into consideration to understand
why experimentally it is often observed that non-classical hydrides cationic complexes have a
similar stability as their neutral analogues. An important elucidation for this behavior came
from the comparison of the measured νCO for different complexes of the type 42 as function
of ligand L variation.37
W
CO
CO
LOC
COOC
42
A donation from the metal center to L weakens the back-donation to the CO in
trans-position increasing the C-O bond order, which will result in an enhanced value of νCO.
The results showed that for L = H2 that frequency is higher than for L = N2 or ethylene. For
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L = CH4 the νCO is even lower than that for argon, a weak σ-donor. This suggests that alkanes
are poor back-bonders and, according to Hoffmann’s postulate, the overlap between the
d-orbitals at the metal and the σ∗-orbital on the C-H bond is smaller. Thus M-alkane binding
is much weaker than M-H2 binding.38
The so-called trans-effect is also a determining factor for the position of H2 along the
oxidative addition coordinate. For example, Chaudret reported on the crystal structure of
[RuI(H2)H(PCy3)2] which contains a stretched hydrogen ligand (dH-H = 1.03 Å).39 Electronic
parameters are also important in the addition of H2 to the coordinative unsaturated complex
43, which may proceed in two different ways (Scheme 2.2.1-1).40 Complex 43b is obtained
when R are alkyl substituents, such as ethyl groups, and the phosphine acts as strongly
electron-donating ligands. On the other hand, when R is a phenyl group, the non-classical
hydride metal complex 43a represents the most stable species.
H PR2
PR2
HR2P
Mo
CO
PR2
Mo
R2P
R2P PR2
PR
CO
H
Mo
R2P
R2P PR2
PR2
CO
H HH2
H2
R = Ph or Ar
R = Alkyl groups43
43a
43b
Scheme 2.2.1-1 Effect on the η2-H2 stability of electronic tuning around the metal.
The synthesis of non-classical hydrides complexes containing chelating or monodentate
phosphine ligands may allow a better understanding of the effect of both electronic and
structural features around the metal center on the hydrogen coordination; e. g. complexes 44,
45 and 46 in figure 2.2.1-6.41 Complexes 44 and 45 are readily obtained from the
corresponding analogs to Chaudret’s complex 41.41a-b,d Also here the nature of the phosphine
strongly influence the coordination of the hydrogen molecule being the σ-H2 ligand observed
for R = aryl and the classical di-hydride for R = iPr. For complex 46 a non-classical
coordination of H2 is observed even though the dihydride structure would be expected on
basis of basicity arguments.41c,e Therefore, it seems that coordination geometry may play an
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even more important role defining the bonding situation around the metal center. (44, 46: P-
Ru-P ≤ 95º; 45: P-Ru-P > 100º)
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P
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Figure 2.2.1-6 Examples of classical and non-classical hydride ruthenium complexes.
More recently, van Leeuwen reported on the synthesis and characterization of non-
classical hydrides ruthenium complexes containing diphosphines with wide bite angles. The
steric demands of the diphosphines force the unstretched dihydrogen complex to adopt a cis
geometry. The wide bite angle of the ligands reduces the overlap between the d-orbitals at the
ruthenium and the σ*-orbitals of the H2, reducing the back-donation. The dH-H is quite small
and is not affected from tuning the electronic properties of the diphosphines. This makes the
complexes thermally unstable and they loose hydrogen easily.42 Here again the structural
demands of the ancillary ligands prevail over the electronic factors in determining the
properties of the η2-H2 ligand.
Theoretical calculations as well as experimental results show that the H2 ligand is
oriented differently when there is a hydride in cis-position. Generally, the orientation of the
H-H bond axis comes from the necessity to increase orbitals overlapping for the
back-donation. In the presence of two phosphine ligands, the H-H vector is eclipsed with the
P-M-P linking line; phosphorus ligands being good electron donors into the d-orbitals (Figure
2.2.1-7 complex 47). However, when a hydride ligand lies in a cis-position, the observed
crystal structure gives rise to a completely different orientation of the H2 ligand. The
calculations carried out from Eisenstein and coworkers gave evidence for an interaction
between the two electrons of the Fe-H σ-bond and the antibonding σ∗−orbital of the H2. The
spherical nature of the s-orbital in the hydride leads to an overlap with neighboring orbitals
possible without breaking or weakening the M-H bond. This cis-effect results in a dipole-
induced-dipole interaction explaining why in the complex [RuHI(H2)(PCy3)2] the Ru-H bond
is bent toward a stretched H2 (1.03 Å) (Figure 2.2.1-8).31a, 43 As show in figure 2.2.1-7 the
more stable structure for the complex 48, is an intermediate obtained from the balancing of
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these different effects. This particular cis-effect can explain the faster intramolecular
hydrogen exchange observed between H2 and H (σ−metathesis) for compounds containing
both classical and non classical hydride ligands. Room temperature NMR studies of these
mixed complexes show a single and broad high field signal for both ligands.44 Nonbonding
interactions (cis-effect) have a minor effect compared with the bonding one (electrondensity
on the metal) on the stability of these σ−complexes.
W
PCy3
PCy3
COOC
CO
H
H
Fe
PEtPh2
PEtPh2
HPh2EtP
H
H
H
47 48
Figure 2.2.1-7 Orientation of the H2 ligand depending on different electronic effects.
M
H
H
H
σ∗
δ +
δ −
Figure 2.2.1-8 Cis-interaction between classical and non-classical hydride ligands.
During earlier studies, Kubas observed that the width of the NMR signals in the
hydrides region can be related to a small relaxation time T1 as discussed in detail later by
Crabtree.45 Generally, a classical coordination (hydride) leads to T1(min) values > 150 ms at
250 MHz, whereas a η2-H2 coordination gives rise to a T1(min) < 80 ms. The big advantage in
measuring the T1(min) is that it does not depend on the temperature and on the molecular
dimensions but only from the applied magnetic field B (doubling B leads to a double
Chapter 2
40
measured value for T1(min)) and from r (interatomic distance). Thus, T1(min) measurements
can be a powerful method to identify the presence of η2-H2 ligands, especially for those
complexes which cannot be isolated in crystalline form.45, 46
In summary, the structural feature of a coordinated hydrogen molecule is mainly related
to electronic effects (donor ability of ancillary ligands and coordination geometry).
Calculations show a complex interplay between back-donation and σ−donation from the H2
ligand to the metal center.47 This unique binding situation makes non-classical hydride
ligands interesting and promising tools for the synthesis of new organometallic complexes
and their reactivity.
2.2.2 Reactivity of non-classical hydride metal complexes
Because of their high reactivity with N2, the isolation of the more stable corresponding
nitrogen derivates has been suggested as a strategy for the identification of non-classical
hydride complexes. In 1987, Morris correlated the presence of a η2-H2 coordination to ν(N2)
> 2060 cm-1 measured for the LnM(N2) analogs.48 Some years later Chaudret reported about
the reactivity of his non-classical ruthenium hydride complex 41 (Figure 2.2.1-3) toward
unsaturated compounds (Scheme 2.2.2-1). Depending on the nature and on the
stereochemistry of the double bond, the same complex reacts differently.49
Complex 41 also provides a good starting material for the synthesis of other interesting
ruthenium compounds containing non-classical hydrides and/or other kinds of σ−ligands as
shown in figure 2.2.2-1. Complex 53 gives H/D exchange with deuterated solvents indicating
a higher reactivity as compared with 41.50 A unique geometry is observed for the complex 54
containing both η2-Si-H and η2-H2 coordination.
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Scheme 2.2.2-1 Reactivity of Chaudret’s complex 41.
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Figure 2.2.2-1 Examples of thermally stable ruthenium complexes containing σ-ligands. The nitrogen ligand in
53 is hydridrotris(3,5-dimethylpyrazolyl)borate.
Here the non-classical hydride is unstretched and the Si atom is nearly symmetrically bonded
to the H1 and H2.51 This complex shows, indeed, high reactivity toward N2 or H2, losing
silane to give the bis-nitrogen or bis-hydrogen analogous respectively.
However, among the many non-classical hydride complexes synthesized so far, an
important position is occupied from the complex 41 in terms of catalytic activity. As will be
discussed later in more details, this ruthenium complex is a good catalyst for the Murai-type
coupling reaction between aromatic ketones and electronrich olefins.32a More recently, it was
used also as a catalyst for the hydrogenation of heteroaromatic substrates and nitriles.52, 53 So
far there are only few applications of non-classical metal hydrides complexes in catalysis, and
thus this is still an open area for further studies and experiments
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2.3 Synthesis and Characterization of New Non-Classical Hydride
Ruthenium Complexes Containing N-Heterocyclic Carbene Ligands.
2.3.1 Background
Synthetic methods that cleave C-H bonds to form C-C bonds are extremely useful for
organic synthesis.54 Consequently, there are increasing efforts in organometallic chemistry to
develop transition metal catalysts as new powerful tools for this purpose.
The addition of olefins to aromatic ketones, firstly reported by Murai in 1993,
represents an example of ideal atom economic transformation offering a waste-free and green
alternative to conventional aromatic functionalizations.55, 56 Moreover this reaction proved to
be a versatile tool for the C-C coupling of a wide range of aromatic and hetero-aromatic
substrates.57 More recently, the complex [Ru(H)2(H2)2(PCy3)2] 41 reported by Chaudret,
obtained by one-pot synthesis from a commercially available ruthenium precursor,41c, 58, 59 has
shown good activity in the Murai coupling of aromatic ketones with ethylene.32a Differently
from the first catalyst [Ru(H)2CO(PPh3)3] (14) used by Murai55, 57 which requires
temperatures higher than 100 °C, 41 is already active at room temperature.32a, 60 This
increased reactivity has been attributed to the easier coordination of the aromatic substrate to
the metal center as non-classical hydrides are more labile ligands in comparison with CO
groups. The synthetic application of complex 41 is, however, severely hampered as it has a
very limited lifetime under catalytic conditions resulting in a deactivation process involving
most likely loss of PCy3 from the catalytically active ruthenium center.59
This chapter will present the synthesis of new ruthenium complexes, derived from 41,
containing both non-classical hydrides and N-heterocyclic carbene ligands in the same
coordination sphere. Examples for organometallic compounds containing a basic carbene
ligand in proximity to the strongly acidic M-H2 moiety were not known when this work was
started.28, 61 The stability and the catalytic activity of these complexes in C-H activation as
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well as in the hydrogenation of double and triple bonds will be discussed in the subsequent
chapter (? Chapter 3).
2.3.2 Synthesis of the complexes [(IMes)xRu(H)2(H2)2(PCy3)2-x]
Synthesis of the carbene ligand
The first step toward the preparation of new ruthenium complexes was the choice and
the preparation of the carbene ligand. The 1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene
(55) has been chosen because of its stability due to electronic and steric factors.2, 7c
N N
H3C
H3C
CH3
CH3
CH3
H3C
55
Figure 2.3.2-1 1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene 55.
The synthetic route applied was a minor modification of the method previously reported
by Arduengo.62 The first two synthetic steps may be carried out under air and the presence of
water does not affect the stability of the intermediate compounds (56, 57 and 58 scheme
2.3.2-1). However, the imidazolium salt 59, separated from an initial black solution, needs to
be washed several times with freshly distilled THF and then dried under high vacuum at 50 ºC
to obtain it as a white powder. Key step of the entire synthesis is the final deprotonation of 59
to obtain the free carbene ligand (Scheme 2.3.2-1). The highly hygroscopic chloride 59 must
be extremely dry to obtain the IMes ligand in good yields and avoid fast degradation. After
several attempts it was clear that, as previously highlighted by Herrmann, stable carbenes like
55 are not totally inert in coordinating solvents like THF.63 Thus, freshly distilled toluene
instead of THF was used as solvent for the deprotonation of the imidazolium chloride. In a
typical experiment, a mixture of chloride 59 in toluene is stirred under argon atmosphere for
15 minutes then the potassium oxide is added and the mixture stirred at room temperature for
additional 45 minutes. During the reaction the presence of carbene is demonstrated by
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formation of a dark orange solution, 55 being completely soluble in toluene. At the end of the
reaction the solution is filtered trough a thin layer of celite, then the solvent removed under
vacuum at 25 ºC. The IMes ligand 55 is obtained in good yields (> 80%) as orange powder
after fast recrystallization from dry hexane at - 30 ºC. Among the various synthetic routes
reported in the literature, often requiring the use of special glassware,63 this seemed to be the
most appropriate for this particular aromatic carbene (Scheme 2.3.2-1). The N-heterocyclic
carbene 55 shows low stability in solution and it readily decomposed in presence of air and
moisture. Thus, it is preferentially stored at low temperature (+ 4 °C) under argon atmosphere.
NH2
O
O
+
N N
NN
Cl
nPropanol/Water
1) RT, 18 h
2) 60 oC, 4 h
ClCH2OCH2CH3
THF, 5 days
KOtBut, RT
Toluene, 1 h
55
56 57 58
59
Scheme 2.3.2-1 Synthesis of the carbene ligand 55.
Synthesis of the complex [(IMes)Ru(H)2(H2)2(PCy3)]
Initial attempts to prepare carbene containing ruthenium hydride complexes via the
direct hydrogenation route,41c starting from [(cod)Ru(η3-C4H7)2] (60) and free IMes, were
unsuccessful. According to NMR investigations, this is most likely due to a surprising lack of
reactivity of the carbene ligand with the ruthenium precursor (Scheme 2.3.2-2). For the same
reason, the reaction performed directly with the imidazolium chloride precursor did not work.
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Scheme 2.3.2-2 Attempted synthesis of mixed carbene/phosphine ruthenium complex by direct hydrogenation.
In virtue of their stronger electrondonating capability, N-heterocyclic carbenes may
substitute phosphine ligands (? 2.1.2).15 Thus the synthesis of the mixed carbene\phosphine
complex [(IMes)Ru(H)2(H2)2(PCy3)] (61) was attempted by treatment of Chaudret’s complex
41 with IMes under H2 atmosphere at temperatures between 25 and 55 °C. Initially the
reaction was performed in toluene using normal Schlenk technique. The same reactions have
been also carried out in Young NMR tubes to monitor the formation of any new species by 1H
and 31P-NMR analysis and to ascertain the stability of the starting materials in solution.
Unfortunately all these attempts were unsuccessful. Moreover, after prolonged reaction time
(20 hours) the solution turned black due to decomposition of the complex and consecutive
formation of metallic ruthenium as proved by 31P-NMR analysis. It seemed likely that this
was due to the low H2 pressure chargeable in standard Schlenk tube (~ 1 bar). Indeed, these
initial attempts suggested the necessity for higher hydrogen pressure to avoid fast
decomposition of the ruthenium precursor 41. Therefore, the phosphine replacement was
investigated in a glass autoclave under higher hydrogen pressure (Figure 2.3.2-2). This
commercially available reactor (Büchi Miniclave) is composed of a thick-walled flask girded
by a stainless steel security cage and a top equipped with manometer and needle-valve to
allow gases charging. In a typical set of experiments, the ruthenium complex precursor 41 and
the carbene ligand 55 were introduced in the reactor using glove-box technique, then freshly
distilled solvent was added and the autoclave charged with hydrogen: results from selected
experiments are shown in table 2.3.2-1. After optimization of the reaction conditions carried
out in a quite wide range of temperatures, pressures and reaction times, it was finally found
that by stirring a 1/1 mixture of 41 and 55 in hexane at 55 °C under hydrogen pressure (5 bar),
the exchange reaction was complete after 6 hours (Scheme 2.3.2-3; table 2.3.2-1, entry 5).
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Figure 2.3.2-2 Glass autoclave used for the preparation of the ruthenium complexes 61, 63 and 63’.
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HH
H2H2
PCy3
PCy3
Ru
HH
H2H2
PCy3
NN
+
H2 (5 bar)
 Hexane, 6 h, 55 oC
IMes
41 55 61
+ PCy3
62
Scheme 2.3.2-3 Synthesis of [(IMes)Ru(H)2(H2)2(PCy3)] 61 by ligand exchange.
Hydrocarbons such as hexane or pentane proved to be better solvents for this reaction as
compared to aromatic compounds such as toluene (Table 2.3.2-1 entry 1 and 2). Both 41 and
55 are poorly soluble in hexane, leading initially to a suspension as reaction mixture. Both
products 61 and PCy3 (62) show a better solubility in the solvent. Gratifyingly, 61 precipitates
upon cooling, whereas PCy3 is soluble in hexane even at low temperature and can be removed
simply by filtration. The novel non-classical hydride ruthenium complex 61 can thus be
isolated in good yield directly from the reaction mixture as a dark brown powder upon cooling
and filtration by cannula (Table 2.3.2-1). Scheme 2.3.2-3 shows the exchange reaction
performed under the above mentioned optimized conditions.
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Table 2.3.2-1 Optimized conditions for the synthesis of 61
Synthesis of the complex [(IMes)2Ru(H)2(H2)2]
In order to investigate the effect of further substitution on the structural features and on
the catalytic activity of non-classical hydride ruthenium complexes derived from 41, the
synthesis of the complex [(IMes)2Ru(H)2(H2)2] (63) has also been targeted. For this purpose a
modification of the synthetic method adopted for 61 has been used (Scheme 2.3.2-4). The
double replacement seemed significantly slower so that a rather large excess of ligand
(IMes/Ru = 3/1) together with a longer reaction time (18 hours) were necessary to obtain 63
in high yields. The ligand excess is most likely necessary because the first substitution
deactivates the compound toward the second one.
Ru
HH
H2H2
PCy3
PCy3
Ru
HH
H2H2
NN
+
H2 (5 bar)
 
Hexane, 18 h, 55 oC
N N
exc. IMes
41 55 63
+ 2 PCy3
62
Scheme 2.3.2-4 Synthesis of complex 63 by substitution of two PCy3 ligands.
Entry IMes\Ru H2, bar solvent time, h temp., °C
Isolated
yield, %
1 1.1\1 4 Toluene 3 RT 0
2 1.1\1 5 Toluene 19 55 0
3 2.8\1 4 Hexane 3 50 30
4 1\1 5 Hexane 3 55 20
5 1\1 5 Hexane 6 55 65
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This is probably due to an increased electronic density as well as to a major steric hindrance
caused from the first substitution on the metal center. These results are in accordance with the
ones previously reported for the synthesis of the second generation Grubbs catalysts.19, 47, 64
The substitution reaction employed for the preparation of 61 and 63 opens the way
toward the preparation and catalytic applications for other novel non-classical hydride metal
complexes. However, sometimes interesting N-heterocyclic carbene ligands cannot be easily
isolated because of their less sterical demanding structure or because of electronic factors. In
order to address this limitation, Burgess and coworkers have reported on the synthesis of
stable palladium-carbene catalysts by transmetallation from an easily obtainable silver
compound.24 It was therefore attempted to apply this method also in the case of complexes 61
and 63, taking in account the presence of the labile ligands H2. The silver complex containing
two IMes ligands (64) has been synthesized starting from IMesCl 59 and Ag2O according to
established procedures (Scheme 2.3.2-5). Unfortunately, the transmetallation reaction worked
neither in toluene nor in hexane solutions and the isolation of the complexes 61 and 63 could
not be achieved even under H2 pressure. Precedent studies on the reactivity of complex 41
showed that the presence of halogenated compounds may interfere with this ruthenium
compound.31a This may be the reason why in this case the transmetallation reaction did not
work. A possible approach to overcome these problems in future studies might be the use of a
biphasic water/toluene system as used by DuPont for the synthesis of complex 41.52
Ag
NN
N N
MesMes
MesMes
CH2Cl2
41
Toluene
63IMesCl   +   Ag2O
646559
Scheme 2.3.2-5 Attempted synthesis of complex 63 via transmetallation from a silver carbene-complex.
In summary, direct ligand substitution on 41 gives access to 61 and 63. Other methods
to introduce carbenes starting from 60 or 65 were not successful. The ligand substitution has
to be carried under H2 pressure and, under optimized conditions, 61 and 63 are obtained in
good yields of 65% and 85% respectively.
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2.3.3 Characterization of the complexes [(IMes)xRu(H)2(H2)2(PCy3)2-x]
X-Ray analysis of the complex [(IMes)Ru(H)2(H2)2(PCy3)]
The method employed to isolate complex 61 requires slow crystallization from dilute
mother liquor at low temperature, thus some of the crystals obtained were suitable for X-ray
diffraction. The molecular structure reveals a trans arrangement of the two bulky ligands, as
expected (Figure 2.3.3-1). As previously reported for other mixed phosphine/carbene
complexes, such as the second generation Grubbs’ catalyst (C-Ru-P = 163.2(3)°),19b the C-
Ru-P angle amounts to 166° indicating a significant deviation from linearity revealed instead
in the symmetric precursor 41.32b The Ru-P distance is in the typical range observed for
complexes containing the two different ligand types (see appendix A)19, 64 whereas, the Ru-C
bond is instead among the shortest reported so far (Ru-C = 2.055(2) Å).19, 20 The mesitylene
rings of the carbene ligand are rotated relative to each other by 6°.
For complex 61, a total of six peaks were located from the difference Fourier map in the
coordination sphere of ruthenium. These peaks were interpreted as hydrogen atoms with
distances from the central ruthenium atom ranging between 1.44(3) and 1.82(5) Å. Two
hydrogen atoms (H8 and H9) have no close neighbors and can be considered as hydride
ligands positioned cis to each other. The remaining four hydrogen atoms are arranged in pairs
with interatomic distances of 0.84(5) and 0.67(6) Å, and they are interpreted as dihydrogen
ligands. One of these H2 ligands (H4,H5) resides on the same plane as the two hydrides
(H8,H9), whereas the shorter H2 moiety (H6,H7) is almost perpendicular to it. This hydrogen
molecule has remarkably shorter dH-H as compared to complex 41.32b In addition, despite some
variation of the individual values, the X-ray data suggest that the Ru-H distance is longer for
the dihydrogen ligands (đ = 1.69(5) Å) than for the classical hydrides (đ = 1.52(3) Å).
The structural features shown via X-Ray analysis (dH-H, dRu-H) are in accordance with
the slightly increased acidity of the hydrides (? 2.2) in comparison with 41,31a, 32b, 43 as
revealed from NMR studies (? NMR analysis of complex 61). Figure 2.3.3-2 shows a
comparison of the first coordination sphere around the ruthenium center for complexes 41 and
61. The first notable feature is the previously mentioned arrangement of the H2 ligands, which
in the Chaudret’s complex lie all in the same plane perpendicularly to the P-Ru-P axis.54d, 32b
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Furthermore, in the new carbene complex, the H2 are farther away from the metal center in
comparison to the classical hydride ligands, while the opposite trend is observed for the
Chaudret’s compound. Moreover, the đRu-H in the σ−coordinated hydrogens are longer then
the one measured for the complex 41 and the đH-H shorter.
C17 
C13 
C12 
C27 
C18 
C2 
C14 
C3 
C11 N1 
C22 
C15 
N2 
C83 
C23 
C16 
H8 
C1 
C21 
H6 
C84 
C82 
H7 
C19 
C24 
Ru1 
C85 
C26 
H9 
C81 
C28 
C25 
C86 
C29 
H4 H5 
P1 
C76 
C62B  
C75 C71 
C61 
C62A C74 
C72 
C63 
C66 
C73 
C64B  
C65A  
C65B 
C64A  
Figure 2.3.3-1 Molecular structure of [(IMes)Ru(H)2(H2)2(PCy3)] 61 as obtained from single crystal X-ray
diffraction. Selected atom distances [Å] and angles [°] (thermal ellipsoids are given on the 50% probability
level): Ru1-C1 2.055(2), Ru1-P1 2.317(7), Ru1-H4 1.82(5), Ru1-H5 1.60(4), Ru1-H6 1.69(4), Ru1-H7 1.63(5),
Ru1-H8 1.60(3), Ru1-H9 1.44(3); C1-Ru1-P1 165.98(7), H8-Ru1-H9 81.0(18), H4-Ru1-H5 27.6(17),
H6-Ru1-H7 23(2).
Figure 2.3.3-2 Comparison of structural features within the first coordination sphere of 61 and 41.
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NMR analysis of the complex [(IMes)Ru(H)2(H2)2(PCy3)]
1H, 13C{1H}, and 31P{1H} NMR spectroscopic studies demonstrate that the molecular
core of 61 is retained in [D8]toluene solution. Interestingly, the value of the chemical shift in
the 31P-NMR is only slightly shifted (less than 1 ppm) in comparison with the starting
Chaudret’s complex 41. The chemical shifts of the protons of the IMes ligand are changed
significantly due to the coordination with the metal as shown in figure 2.3.3-3 were the
spectra for the two compounds are compared. All the chemical shifts relative to the
mesitylene rings moved to lower fields, whereas the signal relative to the CH in the five-
member ring is shifted to the opposite direction. Moreover, the 1H-NMR chemical shift
measured for this new carbene complex in the high field region (δ = -7.35 ppm) is in
agreement with a slightly increased acidity of the hydrides ligands compared with the starting
compound 41 (δ = - 7.94) (Figure 2.3.3-4).
To better ascertain the presence of non-classical hydrides in the complex, a
measurement of the relaxation time T1(min) has been attempted. Unfortunately, as will be
mentioned later, the complex is fast reacting with the deuterated solvents even at very low
temperatures. Moreover, the solubility in non-aromatic solvents is too low to allow an
appropriate measurement, especially at the low temperatures required for the T1(min)
measurement. Halogenated solvents react with the complex, or, like in the case of
perfluorinated toluene, lead to decomposition of the ruthenium compound. These limitations
have prohibited measurements of T1(min) for the new hydride complexes.
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Figure 2.3.3-3 1H-NMR chemical shifts of the aliphatic groups: a) ortho- and para-CH3 in the mesitylen rings
of 61 (lower line) and free IMes 55 (upper line); b) meta-CH in the mesitylen and CH in the imidazole ring of 61
(lower line) and free IMes 55 (upper line).
Figure 2.3.3-4 Hydride region of the 1H-NMR spectra of a) complex 61 and b) complex 41.
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IR analysis of the complex [(IMes)Ru(H)2(H2)2(PCy3)]
Vibrational spectroscopy has played an important role in the characterization of
dihydrogen complexes.28 The IR analysis for complex 61, either in nujol or in KBr, shows a
very characteristic zone for the frequencies of the Ru-H bond stretching vibrations between
1870 and 2115 cm-1. These νRu-H values are in accordance with the ones previously reported
for other hydride ruthenium complexes.65, 58b For example, Chaudret’s complex 41 shows two
strong bands at 1927 and 1890 cm-1 associated with terminal Ru-H bonds.58b Besides,
according to previous reports on the characterization of non-classical hydride ruthenium
complexes, the small band at 2652 cm-1 may represent the νH-H.66 These and other
characteristic signals are shown in figure 2.3.3-5.
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Figure 2.3.3-5 IR spectrum in nujol for the complex 61: The red bonds in the formulas are the responsible for
the stretching indicated from the blue narrows; the blue rhombs indicate the peaks attributed to the PCy3.
X-ray analysis of the complex [(IMes)2Ru(H)2(H2)2]
Similar to complex 61, small amount of crystals of 63 can be isolated upon cooling
directly from the reaction mixture. During the first attempt to measure the X-ray structure, 20
% of the sites in the crystal lattice were occupied by the dinitrogen complex
[(IMes)2Ru(H2)(N2)(H)2] (63’) formed by incorporation of adventitious nitrogen in the
compound 63 during preparation and mounting of the crystals (Figure 2.3.3-6). The two bulky
R
u
HH
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ligands are in trans to each other with a C1-Ru-C1’ angle of 166.54(16)°, indicating, as also
shown for complex 61, a significant deviation from linearity. It is interesting to note that this
bonding prevails even in the case of two IMes ligands. The angle between the two least
squares planes formed by the five membered rings of the two N-heterocyclic carbene ligands
is 37.5°.
In addition to the end-on N2 ligand, four peaks were located from the difference Fourier
map in the coordination sphere of ruthenium. They were interpreted as hydrogen atoms
resulting in Ru-H distances in the range from 1.39(6) and 1.66(3) Å. Two of the hydrogen
atoms (H100, H102) are at a distance of 0.90(8) Å from each other (the H-Ru-H angle is
34(3)°), and have been assigned as a dihydrogen ligand. The other two hydrogen atoms are
interpreted as classical hydride ligands and they are trans to each other. In this arrangement,
the H2 ligand experiences the optimum combination of cis-effect from the terminal hydrides
and trans-effect from the N2 ligand. The structure defined for 63’ is in accordance with the
results reported in the literature on similar ruthenium complexes which present a similar
trans-arrangement for the hydride ligands.67 The dH-H in the H2 ligand is longer than the one
measured for the mono-carbene complex 61 and for the Chaudret’s precursor 41.
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Figure 2.3.3-6 Molecular structure of complex 63’ as determined by single crystal X-ray diffraction. Selected
atom distances [Å] and angles [°] (thermal ellipsoids are given on the 50% probability level): H100-H102
0.90(8), C1`-Ru1 2.050(4), C1-Ru1 2.057(4), C1-Ru1-C1` 166.54(16), H100-Ru1-H102 34(3).
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Further attempts to handle the bis-carbene complex 63 in the absence of N2 were
successful, thus allowing an X-ray analysis in the absence of nitrogen. The molecular
structure reveals a trans arrangement of the two IMes ligands, as expected (Figure 2.3.3-7),
and the C-Ru-C angle amounts to 167.54(7)°. This deviation from linearity has not been
revealed for other symmetric complexes such as the ruthenium precursor 41.32b The angle
between the two least squares planes formed by the five membered rings of the two N-
heterocyclic carbene ligands is 37.3° as observed for 63’.
For complex 63, a total of six peaks were located from the difference Fourier map in the
coordination sphere of ruthenium. These peaks were interpreted as hydrogen atoms with
distances to the central ruthenium atom ranging between 1.57 Å and 1.79 Å. Two hydrogen
atoms (H4 and H5) have no close neighbors and can be regarded as hydride ligands positioned
cis to each other. The remaining four hydrogen atoms are arranged in pairs with interatomic
distances of 0.827 Å (H6,H7) and 0.874 Å (H8,H9), and they are interpreted as dihydrogen
ligands. As already observed for complex 61, the hydride ligands are closer to the metal
center than the σ-H2 ligands (Ru1-H5 = 1.58 Å; Ru1-H4 = 1.57 Å; Ru1-H6 = 1.79 Å). In
contrast, an opposite trend has been observed for the Chaudret’s complex 41. On average, the
Ru-H and the interatomic distances measured for the H2 ligands are longer then the ones
reported for 41 and previously measured for 61. Nearly all the hydrogen atoms reside in the
same plane, within a range of 9° one from the other. The H2-ligands are bisecting the outer
angle (i.e. larger than 180°) while the H-ligands bisect the inner angle (approx. 168°) of the
C-Ru-C axis. One hydrogen atom H8 is moved by 0.26 Å out of this bisecting plane formed
by Ru1, H4, H5, H6, H7, H9. However, this effect is not as pronounced as in the mixed
phosphine/carbene complex 61.
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Figure 2.3.3-7 Molecular structure of [(IMes)2Ru(H)2(H2)2] 63 as obtained from single crystal X-ray diffraction.
Selected atom distances [Å] and angles [°] (thermal ellipsoids are given on the 50 % probability level): Ru1-C1
2.0454(18), Ru1-C1’ 2.0421(19), Ru1-H4 1.5711, Ru1-H5 1.5874, Ru1-H6 1.7938, Ru1-H7 1.7696, Ru1-H8
1.6453, Ru1-H9 1.7475; C1-Ru1-C1’ 167.54(7), H8-Ru1-H9 29.7, H6-Ru1-H7 26.8, H5-Ru1-H6 80.1,
H4-Ru1-H5 86.0.
NMR analysis of the complex [(IMes)2Ru(H)2(H2)2]
In the bis-carbene complex 63 the presence of a second IMes ligand effects the
electronic distribution. The 1H-NMR analysis reveals a significant shift of the signal resulting
from the hydrides to more positive δ values, as compared to Chaudret’s complex and 61
(Figure 2.3.3-8). A different trend is observed for signals corresponding to the methyl groups
in the IMes ligand. While for 61 the signals for the ortho- and para-methyl groups in the
mesitylene are only slightly shifted toward higher δ for 63 are strongly shifted in opposite
directions (Figure 2.3.3-3 a and figure 2.3.3-9): the ortho-CH3 gives rise to a signal at 1.9
ppm (2.17 ppm for 61) (Figure 2.3.3-9).68 Moreover, a comparison with the same signals
observed for the mixed carbene/phosphine complex 61 and with the shift of the signal
corresponding to the ylidenes protons in the aromatic region, indicates that the two carbenes
significantly influence each other through the coordination with the metal.
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Figure 2.3.3-8 1H-NMR chemical shifts relative to the hydrides: a) complex 63; b) complex 61; c) complex 41.
Para-CH3
Para-CH3
Ortho-CH3
Ortho-CH3
Solvent
1.902.002.102.202.30
1.902.002.102.202.30
a)
b)
c)
-8.00-7.80-7.60-7.40-7.20-7.00-6.80
Figure 2.3.3-9 1H-NMR chemical shifts relative to ortho and para-methyl groups in the mesitylene rings:
a) complex 63; b) IMes 55.
a)
b)
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2.4 Summary
In this chapter, the synthesis and the structural characterization of three new
non-classical hydride ruthenium complexes containing carbene ligands have been described.
These complexes are derived from Chaudret’s complex [(PCy3)2Ru(H)2(H2)2] 41 trough the
replacement of one or two phosphines for IMes (1,3-dimesityl-1,3-dihydro-2H-imidazol-2-
ylidene, 55) ligands. This particular N-heterocyclic carbene has been chosen because of its
stability due to electronic and steric factors. An improved synthesis of 55 has been developed
by using toluene as solvent instead of the THF.
Some carbene metal complexes reported in the literature have been synthesized by
direct reaction of the imidazolium salt (e.g. IMesCl) precursor with a complex containing an
acidic metal center able to deprotonate it (? 2.2.1). However, initial attempts to synthesize
[(IMes)2-xRu(H)2(H2)2(PCy3)x] complexes by direct hydrogenation of the commercially
available [(cod)Ru(η3-C4H7)2] in presence of an excess of 55 or chloride precursor were
unsuccessful. The desired complexes were obtained in good yields, however, by stirring a
mixture of 41 and 55 at 55 °C in a thick-walled glass reactor under hydrogen pressure (5 bar).
In particular [(IMes)Ru(H)2(H2)2(PCy3)] 61 was obtained as a dark brown crystal
starting from a 1:1 hexane mixture after 6 hours. X-ray and NMR analysis uncovered the
interesting electronic and structural characteristics of this complex, which represents the first
example of a metal complex containing a basic ligand (IMes) in the vicinity of acidic H2
ligands. This mixed phosphine/carbene complex contains two classical hydride ligands and
two σ-bonded dihydrogen ligands. The two bulky ligands (PCy3 and IMes) are in trans to
each other and the P-Ru-C angle is 165°. One of the H2 ligands lie in the plane perpendicular
to the Ru-P bond whereas the other one parallels this bond. This kind of arrangement for the
H2 molecules is quite interesting, and it may be explained if we consider the effects of all the
ligands in the metal coordination sphere. As already shown for other complexes containing
classical and non-classical hydrides and phosphine ligands in the same coordination sphere,
the orientation of the H-H σ-bond axis is due to two different effects (? 2.2.1). As a result of
the cis-effect, the H2 tends to lie parallel to the Ru-H bond allowing donation from this
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σ−bond to the σ *-bond in the H2. This seems to be the main effect acting on the H2 (H4-H5),
which lies in the plane perpendicular to the axis connecting the PCy3 and the IMes (Figure
2.3.3-1). On the other hand, to allow better orbital overlap for back-donation, the H2 would
need to lie parallel to the Ru-P vector. In 61 the bond C-Ru-P is bent so that the second H2
(H6-H7) ligand can lie perpendicular to the plane containing the other hydrides aligning
nearly parallel to the Ru-P bond. On average, the Ru-H distances are shorter for the classical
hydrides than for the dihydrogen ligands.
In the 1H-NMR spectrum the hydride signal is shifted downfield by 0.5 ppm as
compared to the bisphosphine complex 41, indicating an increased acidity of these ligands. As
already described for other metal hydride complexes, which contain both classical and
non-classical ligands, the fast exchange between the hydrogens (σ−metathesis) gives rise to
an average signal that can not be generally resolved at room temperature.
Surprisingly, all these data are in agreement with increased σ−donation and reduced
back-donation in the Ru-H2 units. IMes is generally believed to be slightly stronger σ−donor
than PCy3. At the same time, due to the highly conjugated system, it can in some extent act
also as π-acceptor,16 this demonstrated also from shorter Ru-C bond distances reported
previously for similar compounds.16 Indeed, the Ru-C bond distance measured for complex 61
is rather short (Ru-C = 2.055(2) Å) as compared to other ruthenium-carbene complexes (Ru-C
≥ 2.1 Å), thus bearing out this assumption. This may partially explain the outcomes of the
NMR and of the X-ray analysis. However, these data should not be over interpreted as the
exact location of the H positions, defined by X-ray, is associated with some uncertainty.
The biscarbene complex [(IMes)2Ru(H)2(H2)2] 63 has been obtained using the same
synthetic strategy used for 61. However, in this case, excess of ligand and prolonged reaction
time were necessary to obtain the complex, due to the lower activity of complex 61 toward the
second substitution. The molecular structures were determined by X-ray crystal analysis for
63 and the corresponding dinitrogen complex [(IMes)2Ru(H)2(H2)(N2)] 63’. This new
complex has a side-on coordinated nitrogen molecule and four hydrogens. Two hydrogens
have no direct neighbors, thus they were interpreted as hydride ligands, and the other two,
because of their short interatomic distance, indicate a non-classical hydride. Complex 63’ is
one of the few examples, reported so far, of metal complex containing trans-arranged hydride
ligands. Moreover, the dH-H in the H2 ligand is longer than the one measured for the mono-
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carbene complex 61 and for the Chaudret’s precursor 41; this is most likely due to an
increased electrondensity on the metal center and to the trans effect of the N2.
The second N-heterocyclic ligand influences the electronic properties of the classical
and non-classical hydrides, as observed for the first substitution. For both these complexes
(63 and 63’), a trans-arrangement of the two IMes ligands is observed with a significant
bending of the C-Ru-C axis (~ 167 º), and is likely due to steric effects. The six hydride
ligands in 63 are arranged similarly to 61, albeit in almost coplanar alignment. The 1H-NMR
signal of the Ru-H moiety in 63 is again shifted downfield by 0.6 ppm as compared to 61.
Also for this complex, as for 61, this trend may be addressed to a back-donation from the
metal center into the pπ free orbitals at the carbon atoms. Indeed, the Ru-C bond distances are
even slightly shorter than the one measured for 61 (Ru-C = 2.05 Å for 61 and 2.04 Å for 63).
Moreover, a detailed analysis of the 1H-NMR spectra, measured for the mono- and the bis-
carbene complexes, revealed an increased electrondensity in the five membered rings of the
IMes as compared to the free ligands 55 (Figure 2.3.3-3; for the NCHCHN: 55 δ = 6.48; 61 δ
= 6.36; 63 δ = 6.20). Thus, the effect of replacing PCy3 for IMes on the chemical shift seems
almost additive. Differently from what observed for the mixed phosphine/carbene complex
61, for 63 the chemical shifts measured for the ortho- and para-methyl groups are stronghly
shifted in opposite directions. This is most likely due to the fact that these substituents
experience strong shielding/deshielding from the ring current of the mesitylene unit in the
IMes ligand. Figure 2.4-1 summarizes the key structural and spectroscopical features of the
Ru-H coordination sphere for the complexes 41, 61 and 63.
Figure 2.4-1 Comparison of structural features within the first coordination sphere of 41, 61 and 63.
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The data obtained in this chapter indicate that the replacement of PCy3 for
N-heterocyclic ligands influences the electronic properties of the classical and non-classical
hydrides, as observed for the Ru-H bond lengths and chemical shifts.
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2.5 Experimental
2.5.1 General procedures
Reactions were conducted under Ar or H2 atmospheres using schlenk or glove box
techniques. Solvents and substrates were purchased from Aldrich and Acros and purified
according to standard procedures.69 Chaudret’s complex was obtained according to the direct
hydrogenation route.41c
1H-NMR, 13C-NMR and 31P-NMR spectra were recorded in deuterated solvents on a
Bruker DPX 300 spectrometer. 13C-NMR spectra of 61 were performed in non-deuterated
solvents on a Bruker DMX 600 spectrometer.
Gas chromatographic (GC) analysis was performed on a HP 19091 S-433 gas
chromatograph in combination with a HP 5973 Mass Selective Detector. A HP-5MS (5%
phenylmethylsiloxane, capillary 30 m x 250 µm x 0.25 µm) column was used, and helium was
applied as carrier gas.
2.5.2 Synthesis of the 1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene
The IMesCl 59 (500 mg, 1.4 mmol) and toluene (10 mL) were introduced in a 50 mL
Schlenk. The white suspension was stirred for 15 minutes at room temperature, then the
potassium tert-butoxide was added and the mixture stirred for other 45 minutes. The dark
orange solution was filtered trough a thin layer of celite in to a new Schlenk tube and the
solvent removed under vacuum at 25 ºC. The obtained solid was recrystallized from dry
hexane solution. After drying under vacuum, the free carbene 55 was obtained as a orange
solid. Yield: 340 mg, 1.12 mmol, 80 %. NMR data are in accordance with the one previously
reported in the literature.62     
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2.5.3 Synthesis of the complex [(IMes)Ru(H)2(H2)2(PCy3)]
The Chaudret’s complex 41 (258 mg, 0.38 mmol), IMes (117 mg, 0.38 mmol) and
hexane (15 mL) were introduced in a thick-walled glass reactor which was subsequently
charged with H2 (5 bar). The white suspension was heated under stirring to 55 °C for 6 h after
which the solution had turned dark orange. After cooling to room temperature, the solution
was transferred to a Schlenk tube. 61 was obtained as a dark brown microcrystalline powder
by cooling to –20 °C for several days followed by filtration and drying under H2 atmosphere.
Yield: 157 mg, 0.23 mmol, 65 %.
1H NMR (300MHz, [D8]toluene, 25 °C): δ = -7.35 (d, 6 H of Ru-H; 2J(P,H) = 8.32
Hz), δ = 1.0-2.0 (m, 33 H of PCy3), δ = 2.17 (s, 12 H, o-CH3 of IMes), δ = 2.19 (s, 6 H, p-CH3
of IMes), δ = 6.36 (s, 2 H, NCHCHN), δ = 6.85 (s, 4 H, m-CH of IMes).
31P NMR (121 MHz, [D8]toluene, 25 °C): δ = 78.09 (s).
13C NMR (150 MHz, light toluene, 25 °C): δ = 199 (NCN), δ = 140.3 (NC1 of the
mesitylen ring), δ = 137.4 (p-C-CH3 of IMes), δ = 136.2 (o-C-CH3 of IMes), δ = 129.1 (m-CH
of the IMes), δ = 120.0 (d, CH of the imidazolium ring; J(P,C) = 2.3 Hz), δ = 38.2 (d, PCH of
the Cy; J(P,C) = 16.8 Hz) δ = 30.6 (o-CH2 of the Cy), δ = 28.4 (d, m-CH2 of the Cy; J(P,C) =
9.7 Hz), δ = 27.4 (p-CH2 of the Cy), δ = 21.2 (p-CH3 of the IMes), δ = 18.8 (o-CH3 of the
IMes).
X-Ray crystal structure analysis: Suitable crystals were obtained by slow crystallization
from the mother liquor. For the data, see Appendix A1.
2.5.4 Synthesis of the complex [(IMes)2Ru(H)2(H2)2]
The Chaudret’s complex 41 (227 mg, 0.34 mmol), IMes (309 mg, 1.02 mmol) and
hexane (15 mL) were introduced in a thick-walled glass reactor which was subsequently
charged with H2 (5 bar). The white suspension was heated under stirring to 55°C for 18 h after
which the solution had turned dark orange. After cooling to room temperature, the solution
was transferred to a Schlenk tube. 63 was obtained as a dark brown microcrystalline powder
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by cooling to –20 °C for several days followed by filtration and drying under H2 atmosphere.
Yield: 200 mg, 0.29 mmol, 85 %.
1H NMR (300MHz, [D8]toluene, 25 °C): δ = - 6.9 (s, 6 H of Ru-H), δ = 1.94 (s, 12 H,
o-CH3 of IMes), δ = 2.35 (s, 6 H, p-CH3 of IMes), δ = 6.20 (s, 2 H, NCHCHN), δ = 6.78 (s, 4
H, m-CH of IMes).
13C NMR (150 MHz, [D6]benzene, 25 °C):, δ = 136.4 (p-C-CH3 of IMes),
δ = 136.25 (o-C-CH3 of IMes), δ = 128.6 (m-CH of the IMes), δ = 119.12 (CH of the
imidazolium ring), δ = 21.3 (p-CH3 of the IMes). The δ values for NCN, NC1 and o-CH3
of the IMes were not detected. The first two are quaternary carbons and in the ortho-methyl
groups there was already a fast incorporation of deuterium like observed for the complex 61.
Therefore, the signal intensity was too low to be detected in the dilute solution.
X-Ray crystal structure analysis: Suitable crystals were obtained by slow crystallization
from the mother liquor. For the data, see Appendix A3.
2.5.5 Synthesis of the complex [Ag(IMes)2][AgCl2]
Silver oxide Ag2O (357 mg, 1.5 mmol), IMesCl (1 g, 2.9 mmol) and dichloromethane
(100 mL) were introduced in a 250 mL Schlenk covered from light with aluminum foil. The
black suspension was stirred for 2 h at room temperature. The solution was filtered trough
celite to a new Schlenk tube and the solvent removed under vacuum. The obtained solid was
recrystallized from CH2Cl2/ether (7mL/14mL) solution and washed with ether (3 x 5 mL).
After driyng under vacuum, the complex 64 was obtained as a white solid. Yield: 1.09 g, 1.2
mmol, 84 %.
1H NMR (300MHz, [D3]chloroform, 25 °C): δ = 2.06 (s, 12 H, o-CH3 of IMes), δ =
2.34 (s, 6 H, p-CH3 of IMes), δ = 7.13 (d, 2 H, NCHCHN), δ = 6.98 (s, 4 H, m-CH of IMes).
13C NMR (150 MHz, [D3]chloroform, 25 °C): δ = 139.67 (p-C-CH3 of IMes),
δ = 135.13 (NC1 of the mesitylen ring), δ = 134.53 (o-C-CH3 of IMes), δ = 129.49 (m-CH of
the IMes), δ = 122.5 (CH of the imidazolium ring), δ = 21.0 (p-CH3 of the IMes), δ =
17.6 (o-CH3 of the IMes).
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3 Catalytic Activity of the Complex
[(IMes)Ru(H2)2(H)2(PCy3)]
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3.1 Background
Today, C-H activation is one of the main targets for organic and inorganic chemists
because it quite often represents the crucial step of many important transformations.
Hydrocarbons, and particularly aromatic compounds, are readily available from petrochemical
feedstock and constitute a major class of intermediates in the fine chemical and life science
industries.1 Indeed, aromatic structures are ubiquitous in final products such as agrochemicals,
fragrances and pharmaceuticals. For this reason, the combination of C-H bond cleavage and
C-C bond formation in one catalytic cycle by using stable and strongly active catalysts is still
a challenge for organometallic chemistry.2, 3
Among various C-H activation processes reported in the literature a major breakthrough
was achieved by Murai and coworkers in 1993. They reported on the ruthenium-catalyzed
coupling of aromatic substrates with unsaturated compounds such as olefins.4 C-H
activations, and in particular the Murai-type coupling, were the target reactions in the earlier
stage of the studies on the reactivity of non-classical hydride ruthenium-carbene complexes
reported in the following discussion.2, 3 Following intriguing observations during this study
and the characterization of the complexes, a delimited investigation of a novel catalytic H/D
exchange process was carried out (? 3.1).
Non-classical hydride metal complexes were proposed as key intermediates in the
hydrogenation reactions even before the first metal complex containing σ−H2 ligands was
isolated by Kubas in 1983.5 More recently, Chaudret and coworkers reported the
hydrogenation of aromatic compounds catalyzed by [Ru(H)2(H2)2(PCy3)2] (1), thus improving
the catalytic applications of this complex. The outcomes reported by Chaudret generated new
consideration of the catalytic capabilities of metal-complexes containing non-classical hydride
ligands. The hydrogenation of aromatic and non-aromatic double and triple bonds catalyzed
by ruthenium complexes will follow as a part of the discussion on the reactivity of the mixed
phosphine/carbene complex (? 3.3).
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3.2 Catalytic H/D Exchange Processes
The transfer of deuterium from the coordination sphere of a deuterated metal-complex
to a substrate, detectable by 1H-NMR analysis, undoubtedly verifies  the catalytic activity of
the complex in C-H bond activations.6 The complex [(IMes)Ru(H)2(H2)2(PCy3)] (IMes = 1,3-
dimesityl-1,3-dihydro-2H-imidazol-2-ylidene, 2), described in chapter 2, showed high activity
in the activation of C-H bonds of aromatic solvents during its characterization. As described
in chapter 2.2, a characteristic feature of a metal-complex containing non-classical hydride
ligands is provided by low temperature NMR analysis of the T1(min) (minimum
relaxation time). For the mixed phosphine/carbene complex 2 (Figure 3.2-1) several attempts
to measure the relaxation time were unsuccessful even at low temperature. In particular, all
the T1 values measured between 198 and 293 Kelvin did not resemble a parabola, which is
necessary to identify the T1(min) (for a certain magnetic field the T1(min) corresponds to the
minimum of the parabola curve). This unexpected behavior could be rationalized with the
very high reactivity of complex 2 toward deuterated solvents used for the measurements
([D8]toluene (3), [D6]benzene).
Ru
HH
H2H2
PCy3
NN
2
Figure 3.2-1 [(IMes)Ru(H)2(H2)2(PCy3)] complex 2.
Following 1H, 13C{1H}, and 31P{1H} NMR spectroscopic studies in [D8]toluene
solution revealed that the six hydrogen atoms in the coordination sphere of ruthenium give
rise to an average signal at room temperature, appearing as a doublet (2JHP = 8.32 Hz) of
broad signals centered at δ = -7.35. However, in [D8]toluene solution the intensity of this
signal decreases quickly to only 10% of its original strength, after 5 hours at room
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temperature (Figure 3.2-2). This decrease has been ascribed to a fast incorporation of
deuterium in the Ru-Hx moieties (x = 1 or 2). After only 1 hour the signal becomes broader
and it slightly shifts, probably due to small amounts of isotopomers of type L2Ru(H)6-nDn still
present in solution (Figure 3.2-2 line d). A complete analysis of the spectrum showed that the
H/D exchange also occurred in the IMes ligand. In particular, the signals assigned to the
ortho-methyl groups (δ = 2.17) disappear practically at the same rate as shown in figure 3.2-3.
Also in this case, the shape of the signal speaks for a temporary presence of isotopomers
(Figure 3.2-3 lines b and c). This decay of signal intensities is accompanied by a notable and
concurrent increase of solvent resonance in the aromatic region. Finally, the simultaneous
incorporation of deuterium at the metal centre and at the methyl positions was unambiguously
demonstrated by 2D-NMR spectroscopy and by the characteristic coupling pattern in the
13C{H} NMR spectra.
Figure 3.2-2 1H-NMR spectra in [D8]toluene for the H/D exchange in 2. Averaged signal for the classical and
non-classical hydride ligands: a) After 15 minutes; b) after 1 hour; c) after 2.5 hours; d) after 5 hours.
To gain further insight into this unexpected H/D exchange reaction, a detailed analysis
of the carbon and proton spectra was performed over a period of several weeks. Detailed
analysis of the time resolved 1H- and 13C{H}-NMR spectra reveals that these changes result
from a rapid H\D exchange between the meta-position of the deuterated aromatic solvent, the
Ru-H moieties, and the ortho-methyl groups of the IMes ligand (Scheme 3.2-1, figure 3.2-4).
After one day, the only ruthenium complex detectable in solution was the partially deuterated
ruthenium complex (2a) (Scheme 3.2-1).
d
     b
    c
   a
-7.70-7.60-7.50-7.40-7.30-7.20-7.10-7.00 ........
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Figure 3.2-3 1H-NMR spectra in [D8]toluene for the H/D exchange in 2. CH3 groups in the IMes ligand: a) After
15 minutes; b) after 1 hour; c) after 2.5 hours; d) after 5 hours.
Ru
HH
H2H2
PCy3
NN
Ru
DD
D2D2
PCy3
NN
D3C
D3C
CD3
CD3
+
CD3
D
D
D
D
D
CD3
D
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2 2a 3a3
Scheme 3.2-1 H/D exchange reaction between the complex 2 and [D8]toluene.
Notably, while the synthesis of the non-classical hydride ruthenium complex 2 cannot
be carried out in toluene, this is instead a good substrate for the C-H activation reaction. As
shown in figure 3.2-4, the meta-C-D bond in the toluene ring is the main source of deuterium
while the ortho- and para-position are only slightly affected by the reaction. On the other
hand, the aliphatic CD3 is not activated toward the C-D cleavage. The deuterium exchange
between the solvent and the carbene-complex 2 involves two different types of C-H
activation: the inter-molecular C-H activation is responsible for the incorporation of hydrogen
in the aromatic solvent, while the intra-molecular activation allows the H/D exchange in the
d
c
b
a
2.052.102.152.202.252.30
Solvent
para-CH3
ortho-CH3
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methyl groups of the carbene ligand. Furthermore, a slow secondary intra-molecular process
was detected leading to incorporation of deuterium in the cyclohexyl ring of the phosphine
ligands.7
Figure 3.2-4 Time-dependent evolution of the 1H-NMR intensities I (arbitrary scale referred to number of
protons) of 2 and toluene during the H/D exchange in [D8]toluene 3.
After several weeks, approximately 75% of the hydrogens in the cyclohexyl rings were
replaced with deuterium, whereby the exchange occurred preferentially at C3, C4 and - to a
lesser extent - C1.
Detailed analysis of the time resolved 1H- and 13C{H}-NMR spectra showed that this
activity of 2 for the activation of simple aromatic C-H bonds is in remarkable contrast to
Chaudret’s complex 1, which did not show any significant exchange with [D8]toluene under
the present conditions, even after few days in solution.
This remarkable activity and selectivity in the C-H activation of toluene was the starting
point for a systematic investigation on the H/D exchange with several substituted aromatic
compounds. As described below, the reactivity of the substrates is strongly dependent on
electronic factors. Nevertheless, more sterically demanding groups in the substrate may also
play a fundamental role in determining the rate and the selectivity of this H/D exchange
reaction. The H/D exchange is faster in [D6]benzene, thus the deuteration at the metal center
t, h
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and at the ortho-methyl group of the mesytilenes was complete within 5 minutes at ambient
conditions. Solutions of the deuterated ruthenium complex 2a, obtained by this method, were
treated with 10 equivalents of another aromatic compound (relative ratios: [D6]benzene: 2a :
substrate = 1000:1:10), and analyzed for a decay of substrate signals as a function of time by
1H-NMR at room temperature. Catalytic H/D exchange between the aromatic substrates was
observed for more electron-rich and electron-deficient compounds.
Because of its importance as substrate for the Murai reaction, acetophenone is the first
aromatic substrate to be discussed (Figure 3.2-5). The outcome of this experiment will be
successively compared with the results obtained with the Murai coupling catalyzed by 2
(? 3.3). As shown in figure 3.2-5, the incorporation of deuterium in the aromatic ring is
nearly completed after 1 day. Simultaneously, a significant decrease of intensity for the signal
in the aliphatic region indicates an H/D exchange in the methyl group. From the values
reported in table 3.2-1, it is quite clear that the reaction is less selective than in the case of
toluene. There is, indeed, no pronounced selectivity toward sp3 or sp2 C-H cleavages.
However, a little selectivity toward deuterium incorporation at the ortho (- 90% after 24
hours) and, to a less extent, at the meta-positions (- 70% after 24 hours) is observed. This
lower chemo- and regioselectivity during the H/D exchange process of 2 is in sharp contrast
to the exclusive ortho-functionalization observed under Murai-type coupling conditions.
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Figure 3.2-5 [D6]benzene solution containing 2a and acetophenone 4: a) after 1 hour; b) after 24 hours.
Table 3.2-1 Percentages of decrease in the signal intensities for the reaction of 2a with acetophenone 4
time orthoC-H metaC-H paraC-H CH3
after 1 h - 20% - 20% 0 - 10%
after 24 h - 90% - 70% - 40% - 83%
Solvent
Solvent
Ha
Hb
Hc
7.007.107.207.307.407.507.607.707.807.90
6.907.007.107.207.307.407.507.607.707.80
CH3
O
Ha
Hb
Hc
Hb
Ha
4
a)
b)
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Figure 3.2-6 Aniline in a [D6]benzene solution of 2a: staggered plot of the time-dependent 1H-NMR spectra
during the H/D exchange.
Figure 3.2-6 and 3.2-7 show the results obtained for the reaction of aniline with the
deuterated complex 2a. The reaction is highly selective toward the ortho-C-H bond cleavage.
Contemporaneously, an incorporation of deuterium is observed in the amine function,
probably due to the acidity of the Ru-(η2-D2) moieties. It is notable that the reaction rate is
lower as compared to the reaction with toluene. The regio-selectivity is slightly higher in the
case of aniline with the ortho-position being largely preferred to meta and para. The
deuterium incorporation in the NH2 (basic group), and the higher electron density of the
ortho-position of the aniline may be the reasons for this different regio-selectivity.
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Figure 3.2-7 Aniline in a [D6]benzene solution of the deuterated complex 2a: time dependent evolution of the
1H-NMR intensities.
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Figure 3.2-8 Anisole in a [D6]benzene solution of 2a: time dependent evolution of the 1H-NMR intensities.
Anisole instead reacts with moderate activity at the aromatic core with a slight
ortho/para preference. Despite the lack of deuterium incorporation in the methyl group of
toluene, a sp3-C-H activation for anisole, amounting to approximately 20 % OCH2D after 14
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hours is observed. Analogously with acetophenone, the heteroatom is probably responsible
for this sp3 C-H activation (coordinating capability and electronegativity of the oxygen).
Similarly to toluene, 2a exchanges readily with biphenyl whereby the incorporation
occurs mainly in the meta and para-position as shown in figure 3.2-9. It seems tempting to
assign the lower reactivity in ortho-position to steric hindrance, but more complex control
mechanisms seem to be operating as indicated by the strong meta preference of the exchange
with toluene. For less electron-donating substituents, the rate of the H/D exchange is higher
and comparable with the one observed for the toluene. Thus, the incorporation of deuterium in
meta and para-positions in the byphenyl is complete within 6 hours.
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Figure 3.2-9 Byphenyl in a [D6]benzene solution of the deuterated complex 2a: time dependent evolution of the
1H-NMR intensities.
Aromatic compounds with strongly electronegative substituents such as Cl and CN are
not reactive under the present conditions. This may be due to the strongly electron
withdrawing character of the substituents. On the other hand, a color variation of the catalytic
solutions containing chlorobenzene and benzonitrile indicates a certain interaction between
the substrate and the complex.
In summary, the new carbene complex containing non-classical hydride ligands 2 has
shown unique activity in the room temperature activation of aromatic and activated sp3 C-H
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bonds (anisole and acetophenone) (Figure 3.2-10). Conversely, Chaudret’s complex 1, despite
its good activity in the Murai-type coupling, in the same condition did not catalyzed any H/D
exchange reaction of aromatic compounds. Thus, the unique activity and selectivity of
complex 2 can be related to the presence of the electron-donating N-heterocyclic carbene
ligand. The new ruthenium compound seems to be a promising tool for future applications in
organic synthesis implying C-H activation step.
OCH3
OH NH2
CNCl
CH3
O
Figure 3.2-10 Incorporation of deuterium in aromatic compounds in [D6]benzene solutions containing 2: the
style of the arrows indicates the relative reactivity of the individual positions (thick arrow: fast exchange; thin
arrow: slow exchange).
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3.3 Murai Reaction
In 1993, Murai first reported the coupling reaction between aromatic ketones and
olefins catalyzed by the ruthenium carbonyl hydride complex [Ru(CO)(H)2(PPh3)3] (5)
(Figure 3.3-1).4 This reaction is attractive because it represents an important example of
waste-free C-C coupling process. Indeed, as shown in scheme 3.3-1, the ruthenium carbonyl
catalyst operates with a high chemo-selectivity that makes this coupling reaction extremely
valuable in organic synthesis. Furthermore, the Murai-type reaction shows a broad scope for
both coupling partners and provides a promising synthetic approach to the easy construction
of structurally diverse C-C skeletons.8 As reported by Murai in the earlier publications, the
side chain Y can be represented from a large number of functional groups such as Si(OEt)3,
SiEt3 or more common hydrocarbons like isopropyl or phenyl rings.4 The cleavage of an
aromatic sp2-C-H bond in ortho-position to a suitable anchoring group (e.g. C=O or C=NR)
constitutes a key step in the catalytic cycle as shown in scheme 3.3-2.9
Ru
Ph3P
Ph3P CO
H
PPh3
H
5
Figure 3.3-1 Ruthenium complex 5, the standard catalyst for the Murai reactions.
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H
Y
5
Toluene reflux
Scheme 3.3-1 General scheme for the Murai’s coupling process catalyzed by 5.
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The Murai reaction can be performed not only on aromatic ketones but also on
α,β-unsaturated ketones, esters and heteroaromatic rings.10 The first and still widely used
generation of catalysts is the previously mentioned ruthenium carbonyl hydride complex 5.4, 8
Despite its high regioselectivity and wide applicability, this and similar complexes generally
require high reaction temperatures (≥ 110°C) and high catalyst loadings (≥ 5 mol%). A step
forward toward milder reaction conditions was performed in 1998 by Chaudret et al. who
reported the catalytic activity of the non-classical hydride ruthenium complex
[(PCy3)2Ru(H)2(H2)2] (PCy3 = tricyclohexylphosphine) 111 in the Murai-type coupling of
acetophenone and ethylene already at room temperature.3c, 11
Scheme 3.3-2 Catalytic cycle proposed for the Murai-type coupling. Y = tetramethylsilane.
A thorough analysis of the reactivity of complex 1 for the standard reaction of
acetopheneone and ethylene showed that the scope of the two types of catalysts is
complementary in certain cases, 1 being more reactive with electron poor acetophenones as
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compared to 5.12 Furthermore, 1 was found to have a limited lifetime under catalytic
conditions, with phosphine dissociation playing an important role for the deactivation process.
Because of its electronic features (? 2.3.3), the non-classical hydrides ruthenium
complex 2 exhibits a unique activity in the C-H activation of aromatic compounds as
compared to the precursor 1 (? 3.2). Thus, the complex 2 has been tested in the Murai-type
coupling reaction. The results obtained using acetophenone and ethylene as coupling partners
(Table 3.3-1, entry 1-3) are in contrast with the ones obtained with the H/D exchange (? 3.2).
Even if the selectivity is always close to 100 % (only the mono-substituted was obtained), the
conversion is always lower than 20 %. To avoid any possible competitive reaction between 2
and the aromatic solvent, the reaction was carried out in hexane at the same conditions.
However, the low solubility of catalyst 2 in the aliphatic solvent causes a further decrease of
activity (Table 3.3-1, entry 3). Notably, the reaction temperature had no significant influence
on conversion or selectivity in the range of 25 oC to 50 oC, thus indicating that the
performance of the catalyst is mainly limited by rapid deactivation processes (Table 3.3-1,
entry 1 and 2).
O
Toluene, CH2CH2 (10 bar)
Sub./2 = 10/1
O
4 6
Scheme 3.3-3 Murai reaction catalyzed by 2.
Table 3.3-1 Results obtained for the Murai coupling of ethylene with various substituted acetophenones,
catalyzed by 2
Entry Substrate Solvent t, h T, °C Yield 
1 Acetophenone toluene 46 25 13 
2 Acetophenone toluene 48 50 19 
3 Acetophenone hexane 48 25 2 
4 p-Chloro-acetophenone toluene 24 25 0 
5 p-Methyl-acetophenone toluene 24 25 2 
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The catalytic properties of complex 2 are in remarkable contrast to those reported earlier
for Chaudret’s complex 1. Whereas 2 is highly active for the H/D exchange process with
acetophenone, it is a poor catalyst for the Murai coupling allowing only a few catalytic
turnovers at best. The H/D exchange process, however, shows no comparable regioselectivity
and deuterium incorporation occurs at all aromatic positions of acetophenone 4 with a little
ortho/meta preference. Complex 1, on the other hand, shows no measurable activity for H/D
exchange on aromatic substrates, but can achieve nearly a hundred catalytic cycles for Murai
type couplings under optimized conditions.11 A better comprehension of this behavior should
imply detailed studies of the intermediate species for both processes (H/D exchange and
Murai coupling). However, considering previously reported studies on the reaction between
complex 1 and 4 (exclusive functionalization in ortho-position to the anchoring keto
group)11and comparing the regio-selectivity of the H/D exchange process and the C-C bond
formation discussed here, the two processes most likely do not involve the same
intermediates.
During the last 30 years, a number of examples of carbon-hydrogen bond activation by
transition metals have appeared in the literature.2, 3a-b, 6 While generally for arenes the initial
complex has been shown to be an η2-arene complex, alkanes form a σ−complex, whose
structure has not been experimentally determined but which is believed to involve a
three-centers interaction, which seems to be the starting point for the C-H cleavage (Figure
3.3-2). In the case of complex 2, probably the coordination of the acetophenone to the
ruthenium, which initiates the Murai reaction, is different from the one in the H/D exchange.
In accordance with precedent reports, a η6 or most probably a η2 coordination of the aromatic
ring may be responsible for the formation of a key intermediate in the deuterium
incorporation.13 Instead, the formation of an orthomethallated complex represents the first
step of the catalytic cycle postulated for the Murai coupling (Scheme 3.3-2). The
incorporation of deuterium in the ligands (IMes and PCy3) is probably due to aforementioned
intramolecular formation of η2 σ-complexes.
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Figure 3.3-2 Geometries of arene π-complexes and alkene σ-complexes.
3.4 Hydrogenation
Hydrogenation reactions are important for industrial purposes and they have been
extensively reviewed in the past decades. Many hydrogenation processes are catalyzed by
transition metal complexes, and there is a continuing need for the synthesis of more stable and
active catalysts. In comparison with heterogeneous systems, transition metal catalyzed
homogeneous hydrogenations often allow better control of selectivity and milder reaction
conditions.14
Several dihydrogen complexes have been reported to catalyze the hydrogenation of
various olefins and ketones. In 1988 Bianchini reported about the hydrogenation of di-methyl
maleate with [Rh(H2)tetraphos]+.15 Nearly at the same time, Caulton showed that the complex
[IrH4(PMe2Ph)3]BF4, which is believed to contain a σ-H2 ligand, reacts rapidly with 2-butyne
to give the cis-2-butene complex [Ir(MeC2Me)(PMe2Ph)3]BF4 together with some cis-2-
butene and 1-butene. Furthermore, the obtained complex reacts under hydrogen pressure to
give the starting iridium compound and butane.16 Recently, Sabo-Etienne reported the
reactivity of the non-classical ruthenium hydride complex 1 in the hydrogenation of aromatic
and heteroaromatic rings.17 The results reported indicate good activity of 1 in the
hydrogenation of simple aromatic rings and indole. It seemed, therefore, interesting to access
the activity of complex 2 in comparison.
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R
R
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H
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3.4.1 Hydrogenation of ketones and aromatic rings
The hydrogenation of ketones, especially on prochiral substrates, has attracted the
interest of organic chemists because of the applicability on functionalized compounds
containing heteroatoms adjacent to the carbonyl bond. The functionality can, indeed, interact
with the electron-deficient metal center accelerating the hydrogenation of the C=O double
bond and determining, at the same time, the discrimination between the two enantio-faces.18
A vast number of chiral phosphines have been synthesized and successfully applied in the
enantioselective hydrogenation of α−, β−, and γ-keto acids and esters and of many other
functionalized ketones.19 Figure 3.4.1-1 shows examples of chiral phosphine ligands used in
these processes.
N
Cy2P
PPh2
CONHCH3
PPh2
PPh2
PPh2
PPh2
PCy2
PCy2
Figure 3.4.1-1 Chiral phosphine ligands used in the asymmetric hydrogenation of functionalized ketones.
Recently Morris studied the nature of the ruthenium hydrides that might be present in
the Noyori’s [RuCl2(PPH3)3]/diamine/KOH/2-propanol catalytic system. Initially they found
that the dihydride [Ru(H)2(PPh3)2(R,R)-cyclohexyldiamine] complex is a very active catalyst
for ketone and imine hydrogenation, whereas the monohydride complex
[Ru(H)(Cl)(PPh3)2(R,R)-cyclohexyldiamine] is inactive. This inactivity has been ascribed to
the inability to form a transient dihydrogen ruthenium complex at the end of the catalytic
cycle (Scheme 3.4.1-1). In scheme 3.4.1-1, the proposed catalytic cycle for the system
[trans-Ru(H)2(R)-binap(tmen)] is shown.20
(2S,4S)-MCCPM                              (S)-BINAP                              (S,S)-NORPHOS                  (R)-BICHEP
         7                                         8                                           9                                  10
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Scheme 3.4.1-1 Proposed catalytic cycle for the enantioselective hydrogenation of ketones involving ruthenium
dihydrogen intermediate (14).
The displacement of phosphine ligands with N-heterocyclic carbenes allows the
formation of a wide variety of complexes.21, 22 However, the use of carbene catalysts in the
hydrogenation is quite limited, and there are only a few examples reported in the literature,
mainly concerning the hydrogenation of simple C=C double bonds.23
The new ruthenium complex [(IMes)Ru(H)2(H2)2(PCy3)] 2, containing a carbene ligand,
has been tested in the hydrogenation of ketones and aromatic rings. The activity of this novel
catalyst in the hydrogenation reaction may open the way to new applications of non-classical
ruthenium hydrides complexes in important catalytic transformations. Moreover, the
introduction of chiral N-heterocyclic ligands may allow very important asymmetric reduction
reactions.
O OH
2, H2
Toluene, 50 oC
4 15
Scheme 3.4.1-2 General scheme for the hydrogenation of acetophenone 4 catalyzed by complex 2.
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Table 3.4.1-1 Selected results for the hydrogenation of acetophenone catalyzed by ruthenium complexes 1 and
2. Reaction conditions: T = 50 ºC; sub./cat. = 100/1
Entry Catalyst t, h P, bar Conv., %
1 1 90 35 78
2 2 48 35 37
3 2 90 10 74
The activity of complexes 1 and 2 in the hydrogenation of acetophenone has been
compared (Scheme 3.4.1-2). For substrate to catalyst ratio equal to 100 at 50 °C, 74% of
acetophenone was converted to the corresponding alcohol with 10 bar of hydrogen. At similar
reaction conditions, Chaudret’ complex 1 gives comparable conversion only in the presence
of higher amounts of hydrogen (> 35 bar) (Table 3.4.1-1).
+ H2
2
Toluene, 50 oC
16 17
Scheme 3.4.1-3 Hydrogenation of anthracene catalyzed by 2.
The hydrogenation of anthracene catalyzed by 2 has also been carried out and the results
have been compared with the data previously reported by Chaudret for complex 1.17 With the
new carbene complex 2, 90 hours at 50 °C were necessary to reduce 27% of anthracene under
10 bar of hydrogen (sub./cat. = 100/1). The catalytic system shows a very high selectivity
toward 4H-antracene (94%). For lower hydrogen pressure (5 bar) and higher catalyst loading
(sub./cat. = 50) complex 2 quantitatively reduces anthracene to 4H-anthracene (selectivity >
94%) within 70 hours. On the other hand, under 50 bar of hydrogen, a remarkable drop of the
conversion (2%) was observed for this catalytic system. Thus, an increase of H2 pressure
dramatically inhibits the catalytic activity of 2. From the data reported in the literature for 1
result that, at a comparable selectivity observed for the two systems, Chaudret’s complex
gives higher reaction rates as compared to 2 (100% of conversion at 80 °C under 3 bar H2
after 4 hours).17
In summary, the ruthenium carbene-complex 2 proved to be an active catalyst for the
reduction of ketones and aromatic rings. It shows slightly higher activity in the hydrogenation
of acetophenone as compared to the bisphosphine complex 1. The selectivity observed in the
hydrogenation of anthracene is comparable with the one reported for 1.17 However, the
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reaction rates reported for 1 are higher than the ones obtained with the new carbene-complex
2. Further structural modifications of the N-heterocyclic carbene ligand seem to be a
promising tool for wider applications of this catalytic system.
3.4.2 Hydrogenation of nitriles
Further studies on the reactivity of complex 2 were focused on the selective
hydrogenation of adiponitrile (ADN 20).
Because of their widespread applications, amines are important compounds in industrial
processes (solvents, intermediates for pharmaceuticals, raw materials for resins, textile
additives, disinfectants, rubber stabilizers, corrosion inhibitors and in the manufacture of
detergents and plastics). Depending on the desired structure, amines may be obtained by
reductive amination of carbonyl compounds or by hydrogenation of nitriles. These two
processes, usually carried out in liquid phase and at elevated hydrogen pressures, are rather
similar from a mechanistic point of view, since they both can involve imines as
intermediate.24 Unfortunately, the high reactivity of imines normally can lead to mixtures of
primary, secondary, and tertiary amines which have similar boiling points, so that they can
not be easily separated. For this reason the catalyst adopted for the reduction should provide
high chemoselectivity.
The selective reduction of nitriles to amines has been widely reviewed and many
important results appear in various patents.25 The general scheme proposed for the
hydrogenation of nitriles is shown in scheme 3.4.2-1 where the side reactions, responsible for
the formation of secondary and tertiary amines, are also illustrated. This hydrogenation
reaction is mainly performed in heterogeneous systems and there are only few examples of
homogeneous reductions of nitriles. However, the literature already reports on the
hydrogenation of nitriles catalyzed by ruthenium-phosphine complexes.26, 27
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N(CH2R)2(H2N)RHC N(CH2R)3
Scheme 3.4.2-1 Hydrogenation of nitriles (full arrows) and formation of secondary and tertiary amines
(dashed arrows).
The 1-amino-5-cyanopentane (21) (aminocapronitrile ACN) is a key intermediate in a
new route for synthesis of caprolactame for the fabrication of nylon-6.28, 29 An elegant
catalytic route could be considered through the partial hydrogenation of 1,4-dicyanobutane
20. The challenge is to stop the reaction halfway to avoid deep hydrogenation to
1,6-diaminohexane (HMD) (22). Several heterogeneous catalysts have been described to
allow high selectivity in this transformation. The use of homogeneous systems for this
important transformation remains instead still a challenging area.
In 1996, the DuPont Company patented the selective hydrogenation of adiponitrile
(ADN) to aminocapronitrile (ACN) catalyzed by non-classical hydride ruthenium complexes
of type 1.30 In the present thesis, the reduction of the 2-toluonitrile catalyzed by 2 was
performed first as a test reaction to ascertain the activity of this new complex in the
hydrogenation of nitriles (Scheme 3.4.2-2). Total conversion to ortho-methylbenzyl-amine
was obtained in a few hours working at 50 °C in presence of 50 bar of H2. The activity and
selectivity of 2 in the hydrogenation of ADN were investigated (Scheme 3.4.2-3). The results
obtained are shown in table 3.4.2-1. For comparison, the reactivity of the Chaudret’s complex
1 in this reaction was also tested.
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CN 2
Toluene
NH2
18 19
Scheme 3.4.2-2 Hydrogenation of 2-tolunitrile 18 catalyzed by 2.
NC
CN
+  H2
NC NH2
NH2
H2N
ACN
HMD
ADN
2
Toluene
20
21
22
Scheme 3.4.2-3 Hydrogenation of ADN (adiponitrile) 20 to ACN (aminocapronitrile) 21 and HMD
(hexamethylendiamine) 22 catalyzed by 2.
Table 3.4.2-1 Results for the hydrogenation of ADN catalyzed by 2. Reaction conditions: sub./2. = 100/1;
solvent = toluene.
Entry t, h T, oC P, bar Conv., % ACN, % HMD, % Secondary amines, % 
Selectivity 
for ACN, % 
1 1 50 10 0 0 0 0 0 
2 18 50 1 15 12.7 0 2.3 85 
3 36 50 10 71 61 0 10 87 
4 1 80 10 47 44.7 0 2.3 95 
5 3 80 10 47 38.5 0 8.5 82 
6 2 80 70 80 66.4 13.6 0 83 
7 18 80 70 100 0 100 0 0 
 
All the reductions catalyzed by 2 were carried out in toluene solution and with constant
catalyst loading of 1 mol%. Initial experiments performed at 50 °C show that, for hydrogen
pressures between 1 and 10 bar, very long reaction times are necessary to obtain considerable
values of conversion (Table 3.4.2-1 entry 1-3). In these experiments, good values of
selectivity (≥ 85%) were observed. Moreover, for the new catalytic system 2 increasing the
temperature to 80 °C leads to significant enhancement of reaction rates maintening high
selectivity (Table 3.4.2-1 entry 4 and 5). Contrary to the trend observed for the hydrogenation
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of anthracene, increasing the hydrogen pressure causes a significant enhancement of the
reaction rate with still very good selectivity (Table 3.4.2-1 entry 6). As expected, for the same
reaction conditions, selectivity to the mono-amine decreases for longer reaction times (Table
3.4.2-1 entry 7) and deep hydrogenation is observed.
Interestingly for this catalytic system, excellent chemo-selectivity is obtained at higher
pressures. Indeed, as shown in table 3.4.2-1 (entry 6 and 7) at 70 bar of hydrogen, secondary
and tertiary amines, typical byproducts of this reaction, have not been observed. The
hydrogenation of adiponitrile 20 was successively carried out with complex 1 in order to
compare the properties of the two catalytic systems. The results of these reactions are shown
in table 3.4.2-2. Although the conversion is never larger than 42%, lower catalyst loading and
slightly higher temperature gives rather good selectivity (Table 3.4.2-2 entry 3). For a catalyst
loading of 2 mol% at 70 ºC after 1.5 hours of reaction only 69% of the substrate was
hydrogenated (Table 3.4.2-2 entry 1 and 2). An excess of free phosphine had to be added to
the solution to guarantee satisfactory activity for the bis-phosphine complex 1.
Table 3.4.2-2 Results for the selective hydrogenation of ADN with the complex 1. Reaction Conditions: solvent
= toluene, H2 pressure = 70 bar
Entry Sub./Cat. t, h T, ºC Conv., % ACN, % Secondaryamines, %
Selectivity
for ACN, %
1 48/1* 1.5 70 69 38.6 30.4 56
2 50/1 1.5 70 47 47 0 100
3 100/1 2 80 42 38.6 3.4 92
* Excess of free PCy3 (P/Ru = 3/1)
Unfortunately, this results in a reduced chemo-selectivity. From comparing the two tables can
be calculated that, for complex 1 higher pressures (10 bar vs 70 bar) and reaction times (1h vs
2h) are necessary to obtain almost identical conversion and selectivity at similar conditions
(Table 3.4.2-1 entry 4 and table 3.4.2-2 entry 3).
In summary, the new non-classical hydride ruthenium complex containing one IMes
ligand 2 shows good activity in the hydrogenation of nitriles. Moreover, it shows higher
activity and chemoselectivity in the selective hydrogenation of adiponitrile (AND) to
aminocapronitrile (ACN) as compared with 1. Tuning of the reactions conditions allows for
further control of the activity and of the selectivity. Contrary to the trend observed for the
hydrogenation of anthracene (? 3.4.1), higher hydrogen pressures do not inhibit the catalytic
activity. Instead, in the reduction of adiponitrile, larger amounts of hydrogen prevent the
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formation of byproducts (secondary and tertiary amines). Furthermore, due to the presence of
the carbene ligand, complex 2 shows higher activity and stability as compared to 1; thus, an
excess of ligand (PCy3) is not necessary during the reaction. Again, further structural
modification of the carbene ligand seems promising for catalyst development.
3.5 Summary
In this chapter the reactivity of a new non-classical hydride ruthenium complex
containing a N-heterocyclic carbene ligand [(IMes)Ru(H)2(H2)2(PCy3)] 2 was explored. The
catalytic activity of this new complex in various C-H activations processes, as well as in
selected hydrogenation reactions, was compared to complex [Ru(H)2(H2)2(PCy3)2] 1.
The remarkable activity of complex 2 in the C-H activation reaction was first noticed
during its characterization (? 2.3). Detailed studies by 1H-NMR analysis in [D8]toluene
showed that the intensity of the averaged signal of the hydrides decreases quickly to only 10%
of its original strength, after 5 hours at room temperature. This decrease was assigned to a fast
incorporation of deuterium in the Ru-Hx moieties. A complete analysis of the spectrum shows
that the signal of the ortho-methyl groups in the mesytilene rings disappears practically at the
same time. In addition, this decay of signal intensities is accompanied by a notable and
concurrent increase of solvent resonance. Detailed analysis of the time resolved 1H- and
13C{H}-NMR spectra reveals that these changes result from a rapid H\D exchange between
the meta-position of the deuterated aromatic solvent ([D8]toluene), the Ru-H moieties, and the
ortho-methyl groups of the IMes ligand. Furthermore, over a period of several weeks, an
incorporation of deuterium in the phosphine ligand was also observed. This fast room
temperature H/D exchange indicates a remarkable activity of the complex in the C-H
activation of aromatic compounds. In contrast, Chaudret’s complex 1 does not catalyze this
H/D exchange, even after several days.
Using [D6]benzene as a deuterium source, the reaction is remarkably faster (5 min);
thus, a solution of complex 2 in this solvent has been used to catalyze the incorporation of
deuterium in other substituted aromatic substrates. Toluene and aniline react smoothly with
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the partially deuterated complex 2, allowing the insertion of deuterium nearly selectively in
ortho-position and on the NH2. The reaction with byphenyl is also quite fast, but meta- and
para-positions are equally involved in the deuterium insertion. Anisole and acetophenone
allow the insertion of deuterium both at the aromatic rings, as well as on the CH3 groups. This
sp3 C-H activation, which has not been observed for toluene, is probably due to the presence
of the heteroatom. Furthermore, while the insertion in the anisole ring occurs preferentially in
the ortho and para positions, lower selectivity was observed for acetophenone. Aromatic
compounds containing electron-withdrawing groups, such as Cl or CN, are not activated
toward C-H cleavage.
The activity of complex 2 has been successively tested in the Murai coupling reaction
between acetophenone and ethylene. Despite its remarkable activity in the H/D exchange,
complex 2 proved to be a poor catalyst for the Murai reaction and the conversion was never
more than 19 % at the best. Mono substitution in ortho-position is observed exclusively in
contrast to the H/D exchange. This different reactivity toward these two C-H activations is
most probably due to the presence of different intermediates for the two catalytic cycles.
Finally, complex 2 has been used as catalyst for the hydrogenation of acetophenone and
aromatic rings. The new carbene-complex is more active in the hydrogenation of
acetophenone as compared to Chaudret’s complex 1, whereas it gives comparable activity and
selectivity in the hydrogenation of anthracene. Complex 2 proved to be a promising catalyst
for the selective hydrogenation of adiponitrile (ADN) to aminocapronitrile (ACN). Further
tuning of the reaction conditions allows an excellent control of activity and chemo-selectivity,
thus avoiding the production of secondary and tertiary amines, common byproducts in the
hydrogenation of nitriles. Activity, chemo- and regio-selectivity obtained with complex 2 are
significantly higher than the one measured for 1.
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3.6 Experimental
3.6.1 General procedures
Safety warning: The use of pressurized gases can be hazardous and must only be carried
out with suitable equipment and under appropriate safety precautions.
Reactions were conducted under Ar or H2 atmospheres using schlenk or glove box
techniques. Solvents and substrates were purchased from Aldrich and Acros and purified
according to standard procedures.31 Chaudret’s complex was obtained according to the direct
hydrogenation route.32
1H-NMR, 13C-NMR and 31P-NMR spectra were recorded in deuterated solvents on a
Bruker DPX 300 spectrometer. 2D-NMR and 13C-NMR spectra of 2 were performed in non-
deuterated solvents on a Bruker DMX 600 spectrometer.
Gas chromatographic (GC) analysis was performed on a HP 19091 S-433 gas
chromatograph in combination with a HP 5973 Mass Selective Detector. A HP-5MS (5%
phenylmethylsiloxane, capillary 30 m x 250 µm x 0.25 µm) column was used, and helium was
applied as carrier gas.
3.6.2 Stoichiometric H/D-exchange experiments
2 (13 mg; 18·10-3 mmol) and [D8]toluene (0.6 mL) were introduced in a NMR tube
under argon. The solution was analysed by 1H NMR in intervals of 1h for one day (see figures
3.2-2-3.2-4 and scheme 3.2-1 for details). The 2D NMR (92 MHz, [D8]toluene, 25 °C) after
3h showed resonances at δ = 2.13 (oMe of the mesitylen groups), δ = 1.65 and 1.06 (Cy
groups) and δ = -7.3 (Ru-D). The same methodology was applied with [D6]benzene as the
solvent.
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3.6.3 Catalytic H/D-exchange experiments
2 (5.4 mg; 7.8·10-3 mmol) and [D6]benzene (0.7 ml) were introduced in a NMR tube
under argon. The solution was kept at room temperature for 24 hours and checked by 1H
NMR for full deuteration of 2 to 2a. Then, aniline (7.2 mg; 0.078 mmol) was introduced and
the solution was analysed by 1H NMR in intervals of 1h for one day. The H/D exchange
experiments with other aromatic substrates were performed in the same way (see figures 3.2-6
and 3.2-7 for details).
3.6.4 Murai reaction on aromatic ketone derivatives
A solution of 2 (10 mg; 0.014 mmol) in toluene (2 mL) was transferred into a stainless-
steel autoclave (10 mL volume) equipped with an inlet valve, pressure gauge and temperature
control. Acetophenone (0.14 mmol) was added and the autoclave was pressurized with
ethylene (10 bar). After stirring with a magnetic stir bar for 24 hours at room temperature, the
reactor was vented. The reaction mixture was filtered through celite before GC analysis.
Modifications to this general procedure were applied as appropriate for optimization of the
reaction conditions (? 3.3).
GC-MS analysis: Method: 60 ºC, 5 min isotherm, 8 °C/min until 300 ºC, 20 min
isotherm. The products were identified having the following GC retention times:
Acetophenone = 9.87 min; (o-ethyl)acetophenone = 12.71 min. MS (70 eV,
EI): m/z (%) acetophenone 120(28) [M+], 105(100) [M – CH3+], 77(72) [C6H5+];
(o-ethyl)acetophenone 148(50) [M+], 133(100) [M – CH3+], 77(50) [C6H5+].
3.6.5 General procedure for the hydrogenation of anthracene
A solution of 2 (8 mg; 0.011 mmol) and anthracene (196 mg; 1.1 mmol) in toluene (2
mL) was transferred into a stainless-steel autoclave (10 mL volume) equipped with an inlet
valve, pressure gauge and temperature control. The autoclave was pressurized with hydrogen
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(10 bar). After stirring with a magnetic stir bar for 90 hours at 50 °C, the reactor was vented.
The reaction mixture was filtered through celite before GC analysis. Modifications to this
general procedure were applied as appropriate for optimization of the reaction conditions (?
3.4.2).
GC-MS analysis: Method: 80 ºC, 5 min isotherm, 8 °C/min until 300 ºC, 5 min
isotherm. The products were identified having the following GC retention times: Anthracene
= 19.53 min; 4H-Anthracene = 18.9 min. MS (70 eV, EI): m/z (%) 4H-Anthracene 182(100)
[M+], 141(40) [M – CH2CH2CH+], 154(60) [M – CH2CH2+]; Anthracene 178(100) [M+].
3.6.6 General procedure for the hydrogenation of adiponitrile
A solution of 2 (3 mg; 0.004 mmol) and adiponitrile (48 mg; 0.4 mmol) in toluene
(2 mL) was transferred into a stainless-steel autoclave (10 mL volume) equipped with an inlet
valve, pressure gauge and temperature control. The autoclave was pressurized with hydrogen
(70 bar). After stirring with a magnetic stir bar for 18 hours at 80 °C, the reactor was vented.
The reaction mixture was filtered through celite before GC analysis. Modifications to this
general procedure were applied as appropriate for optimization of the reaction conditions (?
3.4.3).
GC-MS analysis: Method: 60 ºC, 5 min isotherm, 5 °C/min until 150 ºC, 5 min
isotherm, 10 °C/min until 280 ºC, 5 min isotherm. The products were identified having the
following GC retention times: Adiponitrile = 11.06 min; Amminocapronitrile = 10.12 min;
Hexametylendiamine = 9.26 min. MS (70 eV, EI): m/z (%) Adiponitrile 108(1) [M+], 68(100)
[M – CH2CN+], 54(42) [M – CH2CH2CN+]; Aminocapronitrile 112(14) [M+], 54(100) [M –
CH2CH2CH2NH2+]; Hexametylendiamine 116(1) [M+], 56(100) [M-(CH2NH2)2+].
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4.1 General Aspects of the Metathesis Reaction
Coupling reactions, particularly the ones where a new C-C bond is efficiently formed,
have fundamental value for organic synthesis. One of these reactions, the olefin metathesis
certainly represents a powerful tool for the synthesis of important intermediates. Known since
the 1950s, this coupling reaction is of great interest to many research groups.1 The term
“olefin metathesis” was coined by Calderon in 1967 to describe the “metal catalyzed
redistribution of carbon-carbon double bonds” (Scheme 4.1-1).2, 3 The strength of the olefin
metathesis resides in its wide applicability for the synthesis of both small and large
molecules. Moreover, through a variety of applications, olefin metathesis provides a route to
unsaturated molecules that are often challenging or even impossible to prepare by any other
synthetic methods (Scheme 4.1-2).4 Among the most significant results obtained with this
coupling reaction is the synthesis of functionalized polymers by ROMP and large heterocyclic
molecules by RCM.5 Until the 1980s, the catalytic systems used for olefin metathesis were
poorly defined multi-component homogeneous and heterogeneous catalysts.
R1HC CHR1 + RHC CHR R1HC CHR2
Scheme 4.1-1 General scheme for the olefin metathesis reaction.
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Scheme 4.1-2 Types of olefin metathesis reactions: RCM = ring-closing metathesis; ADMET = acyclic diene
metathesis polymerization; ROMP = ring-opening metathesis polymerization; ROM = ring-opening metathesis;
CM = cross-metathesis.
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These catalysts, such as WCl6/Bu4Sn and Re2O7/Al2O3, were used in commercial
applications, but presented many limitations.5a In fact, the low tolerance of functional groups,
the low activity and the strong reaction conditions required very often made them
incompatible with advanced organic synthesis. The necessity to overcome these problems
motivated extensive work to better understand olefin metathesis, including detailed
mechanistic studies.6
As a general scheme for olefin metathesis, Chauvin proposed the “interconversion of an
alkene and a metal alkylidene via a metallacyclobutane intermediate by alternating [2+2]
cycloadditions and cycloreversions (Scheme 4.1-3).6b
M
R
R2 R1
M
R
R2 R1
M R
R2 R1
Scheme 4.1-3 General mechanism for olefin metathesis proposed by Chauvin.6b
During the 1970s and 1980s many examples of catalysts able to perform metathesis at
milder conditions were reported in the literature.6b, 7 Despite the high activity, showed in
particular for molybdenum based catalysts, many early transition metal complexes are limited
by the high oxophilicity of the metal centers. Therefore, they are extremely sensitive to the
presence of oxygen and moisture. In addition, these metals often showed a poor functional
group tolerance, which reduces the number of potential substrates for the alkenes metathesis
reactions. Thus, attempts were made to improve functional group tolerance in olefin
metathesis by developing a catalyst that reacts preferentially with olefins in the presence of
heteroatomic functionalities. Among the early and late transition metals, ruthenium reacts
preferentially with carbon-carbon double bonds and is stable towards alcohols, amines,
amides and carboxylic acids. A breakthrough toward more active and functional group
tolerant catalysts was achieved with the synthesis of the ruthenium alkylidene-complex 5 by
Grubbs and coworkers. Here the bulky and strongly electron-donating phosphine ligands are
combined with the readily initiating benzylidene moiety. Complex 5 is synthesized as shown
in scheme 4.1-4.8 Complex 5 reacts rapidly with ethylene to give complex 6 which represents
the first metathesis-active methylidene species ever isolated. On the other hand, the complex
3, despite a lower activity as compared to 5, it is much more versatile due to its functional
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group tolerance. Consequently, complexes 2-6 attracted immediately the attention of various
research groups because of their high activity and good functional group compatibility.
RuCl2(PPh3)3
Ru
PPh3
PPh3
PhCl
Cl
Ru
PPh3
PPh3
Cl
Cl
Ph
Ph
Ru
PCy3
PCy3
PhCl
Cl
Ru
PCy3
PCy3
Cl
Cl
Ph
Ph
Ru
PCy3
PCy3
CH2
Cl
Cl
N2Ph
Ph Ph
+ 2 PCy3+ 2 PCy3
H2C CH2
2
3
1
4
5
6
Scheme 4.1-4 Synthesis of the Grubbs’s catalyst 5 and related active complexes for olefins metathesis.
Ring-closing metathesis (RCM) represents one of the most developed areas in the field
of olefin metathesis.9 Ruthenium complexes of type 5 and 3 are extremely active in the
cyclization of substrates containing several functionalities. Ring-closing metathesis provides a
powerful tool for organic synthesis: it is applied to the preparation of molecules ranging from
the small ones to very complex compounds. As a strong example, RCM has been used to
introduce carbon-carbon cross links into peptides.10 Figure 4.1-1 shows two examples of
molecules, intermediates in the synthesis of fragrances, obtained by ring-closing metathesis
catalyzed by 5. Ruthenium-based olefin metathesis catalysts are also applied to the synthesis
of pheromones and other specialty chemicals.3 Detailed work to better understand the
mechanism of the ruthenium catalysts began soon after their discovery.11
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OTBDMS
OTBS OO
HO N
S
7 8
Figure 4.1-1 Examples of compounds obtained by ring-closing metathesis (RCM) using complex 1: the thick
double bonds are obtained by RCM.
From these systematic studies, it became evident that ligand variations dramatically
affect the activity of 5. Thus, while a more electron-donating phosphine has been observed to
increase the activity of 5, the electron-donating effect from the halides ultimately reduces
activity. Reported studies on the mechanism proposed for olefin metathesis show that the key
step of the entire catalytic cycle is the loss of one phosphine ligand, which allows the
coordination of the olefin. Therefore, it is understandable how a more electron-donating and
bulky ligand in trans-position to the phosphorus may stabilize the intermediate A (Scheme
4.1-5).12 These detailed studies explain the further development of the first Grubbs’ catalysts
reported more recently in the literature. To obtain a more active catalytic precursor, one or
even two triscyclohexylphosphines were replaced with more electron-donating ligands such
as N-heterocyclic carbenes.13 Figure 4.1-2 shows the first ruthenium complexes derived from
this ligand replacement. These new catalysts (9 and 10) display activity performances that
were previously observed only with the most active early-metal systems.1, 3, 14 In 2001,
Grubb’s et al. reported the preparation of the first chiral ruthenium catalyst 11 for the
enantioselective olefin metathesis (Figure 4.1-2). The e.e. values reported for the
desymmetrization of non-chiral trienes were up to 90 %.15 Although most of the applications
of alkene metathesis in organic synthesis are developed in academic laboratories, reactions
catalyzed by ruthenium-based complexes have several attractive features from an industrial
perspective.
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Scheme 4.1-5 Accepted mechanisms for the olefin-metathesis catalyzed by 6. Substituents on the double bonds
are omitted for clarity.3
Figure 4.1-2 Second generation Grubbs’ catalysts containing N-heterocyclic carbene ligands.
Indeed, since the catalysts are normally rather active the metal species is present in
small amounts. Furthermore, this catalyst operates under mild conditions and only volatile
side-products are generated during the reaction (ethylene). An important step toward a wider
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application of metathesis reactions in organic synthesis came from the modification of the
complex 5 with water-soluble phosphines, thus allowing ROMP in water.16, 17, 18
These catalysts can only be removed from the products by repeated chromatography,
thus strongly hampering their use in industrial processes. Several groups have recently
reported on various methods to overcome this problem.19 Among them an important
breakthrough was given by Fürstner and Leitner who reported on the olefin metathesis in
supercritical carbon dioxide (scCO2).20 This work resulted in a comprehensive investigation
on ring-opening metathesis polymerization (ROMP) and ring-closing metathesis (RCM) using
ruthenium and molybdenum catalysts. The organic products can be collected at the end of the
reaction directly by the fluid stream in appropriate cold traps, leaving the ruthenium complex
behind. More interestingly, the density of CO2 can be used as an additional parameter to affect
the course of the ring-closing metathesis reaction: low density values favor the formation of
oligomers whereas for high densities the RCM-product is mainly produced.20
4.2 Catalysis in Ionic Liquids
Ionic liquids are commonly defined as compounds that are liquid below 100 ºC and
composed entirely from ions. Most ionic liquids used in catalysis are fluid at (or close to)
ambient temperature, colorless, have a low viscosity and are easy to handle.21 Room
temperature ionic liquids (RTILs) are generally composed by organic cations and either
organic or inorganic anions. Figure 4.2-1 shows the most common cations used in the
synthesis of ionic liquids, altought many others have been reported. Common examples of
organic cations are 1,3-dialkylimidazolium (12), N-alkylpiridinium (13), tetraalkylammonium
(14) and tetraalkylphosphonium (15). Typical anions are [PF6]-, [BF4]-, [NO3]-, [(CF3SO2)2N]-
, [AlCl4]-, [CF3SO3]-, [Cl]-, [Br]-, but this list is far from exhaustive.
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Figure 4.2-1 Important cations in the synthesis of ionic liquids.
Generally, to obtain a salt that is liquid at room temperature, the alkyl groups on the
cation should be different (asymmetric ions). Besides this, the melting point is also influenced
by the nature of the anion. Consequently, while the ethyl-methyl-imidazolium chloride melts
at 87 ºC, the corresponding di-methyl salt melts at temperatures higher than 125 ºC. On the
other hand, the ethyl-methyl-imidazolium tetrafluoroborate (BF4) is already liquid at 6 ºC.21
Room temperature ionic liquids are not new compounds: ethylammonium nitrate was first
described in 1914.22 All the typical physical properties of room temperature ionic liquids
made them extremely attractive as solvents. However, the use of ionic liquids as media for
transition metal catalyzed homogeneous reactions was first reported by Chauvin and Wilkes
only in 1990.23
The synthetic approach for most common ionic liquids is rather straightforward.24 A
large variety of ammonium, imidazolium, pyridinium salts are indeed commercially
available.25 Due to their non-volatile nature, ILs cannot be purified by distillation as the
common organic solvents, but need other separation methods. For this reason they should be
prepared in high purity. On the other hand, there is increasing interest in replacing volatile
organic compounds (VOCs) currently used as solvents in organic and organometallic
reactions. Thus, the use of ionic liquids as novel reaction media may offer a convenient
solution to the problem of solvent emission.
The current emphasis on novel reaction media is also motivated by the need for efficient
methods that allow catalyst recycling. An efficient recycling of the catalyst plays, indeed, a
fundamental role in developing economically and environmentally attractive processes.26 The
important features listed below, together with the ones already described, make ionic liquids
very attractive media for homogeneous catalysis:
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• no considerable vapor pressure;
• thermal stability;
• ability to dissolve a wide range of organic, inorganic and organometallic compounds;
• capability to solubilize important gaseous reagents such as H2, CO and O2, albeit the
solubility is generally lower than in organic solvents;
• immiscibility with some organic solvents.
Furthermore, the polarity and hydrophilicity/lipophilicity of ionic liquids can be tuned by a
suitable choice of cation/anion. In principle, an ionic liquid may be used as the only solvent or
it can be part of a biphasic or even triphasic system. Moreover, ionic liquids may act as
catalysts by themselves, as shown by Wilkes for the Friedel-Craft reaction.27 The method used
to separate the products from the ionic liquids depends on the vapor pressure of the products.
Volatile products can be isolated simply by distillation. Less volatile products can be
separated by solvent extraction. Although this seems to be in contrast with the problem
discussed before, the extraction with a benign solvent could have environmental benefits. In
this context, since the first report by Brennecke, the use of scCO2 to extract products from
ionic liquids is playing a key role.28
The first example of catalytic hydrogenation in ionic liquids was reported by Chauvin in
1995, with the reduction of 1-pentene catalyzed by [Rh(nbd)(PPH3)2][PF6] in [bmim][PF6]
(bmim = butyl-methyl-imidazolium). The reaction is five times faster than in acetone.29 More
interestingly, the catalyst solution in the ionic liquid could be reused with rhodium losses
below the detection limit of 0.02%. More recently, Jessop and coworkers extended the
application of the ILs/scCO2 system to the asymmetric hydrogenation of the precursor of the
anti-inflammatory drug ibuprofen using [Ru(OAc)2(tolBINAP)] as the catalyst (Scheme
4.2-1).30 In this case the best result (85% e.e.) was obtained using methanol as co-solvent at
100 bar H2 pressure. The obtained product was separated by scCO2 extraction.
Metathesis in Ionic Liquids
113
Scheme 4.2-1 Synthesis of (S)-ibuprofen in ionic liquid media.
Certainly, an important transformation for industrial applications is the
hydroformylation of olefins. The earliest example of hydroformylation in molten salts was
reported by Parshall in 1972.31 He showed that the platinum catalyzed hydroformylation
could be performed in [NEt4][SnCl3] melts. More recently, it was reported on the highly
active (TOF = 126 h-1) and selective (n/iso = 19) hydroformylation of 1-octene in
[bmim][SnCl3], which is liquid at room temperature.32 Very interesting results were obtained
in the rhodium catalyzed reaction using cationic guanidine-modified xanthene-based
diphosphine ligands. Xanthene based diphosphine ligands have a large bite angle (P-Metal-P
= 110º) and they give high selectivity towards the linear aldehydes. Thus, the biphasic
hydroformylation of 1-octene in [bmim][PF6] afforded selectivity higher than 98% and the
catalyst could be recycled ten times without detectable leaching of rhodium in the organic
phase (Scheme 4.2-2).33 An intaresting result was obtained with the hydroformylation of 1-
octene in ILs/CO2 in a continuous flow process. Aldehydes were produced, with moderate
regio-selectivity, at a constant rate for 72 h. Moreover, detailed analysis of recovered products
revealed that < 1 ppm Rh is leached into the organic phase.34 The examples reported represent
only a small percentage of catalytic reactions performed so far in ionic liquids. However, it is
already clear that catalysis in ionic liquids represents an important research area and potential
application for industrial purposes.
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Scheme 4.2-2 Selective rhodium catalyzed hydroformylation in ionic liquids.
4.3 Ring-Closing Metathesis in Ionic Liquids
4.3.1 Background
The disclosure that ionic liquids dissolve and stabilize many organometallic
catalysts,21, 35 thus providing an excellent medium for recycling, has attracted the interest of
many research groups. Furthermore, ILs are nontoxic and reusable, and their immiscibility
with water and with some organic solvents provides a non-aqueous polar alternative for
two-phase systems.21 All these features together with a high compatibility with many organic
transformations like alkylation,36 Diels-Alder reaction,37 Friedel-Crafts38 and reduction of
aldehydes39 make ionic liquids unique solvents for industrial purposes.
The present thesis will describe a new application for the use of room temperature ionic
liquids as solvents for ring closing metathesis. At the time this work began, there were no
examples reported in the literature on this topic. In parallel to the work described herein, there
were collaborative efforts in the group of I. Tkatchenko at the University of Dijon, France.40
However, the first example of ring-closing metathesis in ionic liquids was published by
Buijsman and coworkers in 2001.41 They established that [bmim][PF6] is an excellent solvent
for the ring-closing metathesis of various substrates catalyzed by Grubbs’ catalysts 5 and 10.
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On the other hand, the reaction can be performed only a few times and after the first recycle
of the catalyst, the conversions decrease dramatically. More interestingly, Dixneuf and
coworkers recently reported about the metathesis in ionic liquids catalyzed by a new class of
ruthenium allenylidene complexes.42 The activity of these 18 electrons ruthenium salts of type
[RuCl(=C=C=CPh2)(PCy3)(p-cymene)][X] for the RCM in organic solvents was shown to be
dependent on the nature of the counter anion X. Thus, from investigating the activity of these
salts containing various counter anions in different [1-buthyl-3-methyl imidazolium][X] ionic
liquids, they showed that the RCM of dienes can be successfully carried out expecially with
[X] = PF6, BF4, TfO.42a Differently from the results reported by Buijsman, the ionic nature of
the catalytic precursors allows a complete solubility in the ionic liquid, and the products can
be extracted with toluene. Ring closing metathesis in ionic liquids seems to be a promising
tool for further applications; however, deeper investigations are still necessary to find the best
solvents system for an efficient catalyst recycling.
4.3.2 Results and discussion
The following work aimed to an investigation of the potentialities of Grubbs’ catalyst 5
of performing ring-closing metathesis of various diene substrates in ionic liquids. As a first
approach to the system, the reactivity of [RuCl2(=CHPh)(PCy3)2] 5 in [emim][Tf2N]
(1-ethyl-3-methyl-imidazolium bis-triflicamide) was tested for the ring-closing metathesis of
a standard substrate, such as 1,7-octadiene (Scheme 4.3.2-1). The reaction conditions have
been successively optimized in order to find the best values for time, temperature and catalyst
loading.
[emim][TF2N]
RT
5
22 23
Scheme 4.3.2-1 Ring-closing metathesis of 1,7-octadiene with catalyst 5 in ionic liquid.
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Table 4.3.2-1 RCM of 1,7-octadiene with complex 5 in [emim][Tf2N] at room temperature (T = 20 °C)
Entry Sub./Cat. t, h Conv., %
1 50/1 15 > 99
1b 50/1 20 > 99
2 115/1 1 > 99
2b 115/1 4 > 99
3 1000/1 20 72
3b 1000/1 20 18
In a typical experiment, 0.002 mmol of Grubbs catalyst 5 was dissolved in ionic liquid
under argon atmosphere and 1.8 mmol of 1.7 octadiene was added to this catalytic solution;
ethylene bubbles evolution indicates that the reaction is proceeding. During the preparation of
the catalytic solution, the small solubility of the ruthenium complex 5 in the ionic liquid has
to be taken into account. Nevertheless, an adequate stirring of a rather diluted mixture (Cat./IL
≤ 6.5x10-3 mmol/L) allows the formation of a homogeneous solution. At the end of the
bubbling, a small sample of the solution was taken and analyzed by GC-MS to determine the
conversion. For a catalyst loading in a range between 0.1 and 2 mol% the system proved to be
active already at room temperature. For a given substrate to catalyst ratio, at the end of the
first run, fresh diene was added to ensure the unaffected catalyst activity for the employed
conditions (Table 4.3.2-1 entries 1b, 2b and 3b). The catalyst was active for a long period of
time (up to 40 hours). Furthermore, the values shown in table 4.3.2-1 indicate that, despite a
rather slow reaction rate, good conversions can be obtained for a catalyst loading equal to 0.1
mol% (Table 4.3.2-1 entry 3). On the other hand, the best results are obtained for substrate to
catalyst ratios higher than 100 as the 1,7-octadiene was quantitatively converted to
cyclohexene within 1 hour at room temperature (Table 4.3.2-1 entries 2 and 2b). From the
comparison, the data reported by Bujisman indicates that Grubb’s catalyst 5 is more active in
[emim][Tf2N] than in other similar imidazolium salts, where high temperatures (80 ºC) and
catalyst loadings (Sub./cat. ≥ 20/1) are required to convert completely the starting diene.41 For
every substrate to catalysts ratio, the activity slightly decreases after the second run (Table
4.3.2-1 entries 1b, 2b and 3b) as demonstrated by the prolonged reaction time required to
obtain 99% of conversion. After two consecutive runs with every catalytic solution, the ionic
liquid was washed with dry pentane.
The presence of ionic liquid proved to be important in order to guarantee higher
catalytic activities. Indeed, for a catalyst loading of 0.1 mol% in absence of any solvent the
activity is already lower in the first run (60.5 % after 1 hour), as compared with the same
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reaction carried out in ionic liquid. Moreover, higher catalyst concentrations (Sub./cat. = 50/1)
do not positively effect the conversion and only 10 % of 1,7-octadiene is converted to
cyclohexene after 20 hours at room temperature. The high conversion is retained instead in
[emim][Tf2N] (Table 4.3.2-1 entries 1 and 1b). This result is in accordance with that reported
by Buijsman for the ring-closing metathesis reaction in [bmim][PF6].41
The ring-closing metathesis of 1,7-octadiene has been also carried out using
N-butyl(4-methyl)pyridinium bis(trifluoromethylsulfonyl)imide ([4-mbp][Tf2N]) as solvent.
Similar to that observed for the imidazolium ionic liquid, high conversions can be achieved at
optimized conditions (Sub./5 = 100/1; 95% of conversion after 1 h at room temperature).
However, due to the lower solubility of the ruthenium complex in this media, a homogeneous
catalytic solution can be obtained only at higher temperatures (40 ºC). It may be speculated
that this different solubility observed for the two salts may be due to a possible replacement of
a PCy3 ligand for a imidazole ring derived from [emim][Tf2N] to give a second generation
Grubbs’ catalyst of type 10. This reaction is not possible with pyridinium derivatives, as the
coordination site on the nitrogen is blocked from the bond with the alkyl chain.
The activity of the Grubbs’ catalyst 5 in [emim][Tf2N] was also tested for the RCM of
other substrates containing various functionalities (Figure 4.3.2-1; table 4.3.2-2). Table 4.3.2-
2 shows the best results obtained for these substrates.
MeO2C CO2Me
25
O
O
26
EtO2C CO2Et
24
Figure 4.3.2-1 Substrates for the ring-closing metathesis reaction.
Chapter 4
118
Table 4.3.2-2 Room temperature RCM of different substrates catalyzed by 5 in [emim][Tf2N]. Reaction
conditions: Sub./5 = 1000/1.
Entry Substrate t, h Conv., % 
1 24 1 42 
2 24 24 100 
3 25 1 71 
4 26 24 20 
 
Small variations of the substrates remarkably affect the reaction rates. Thus, for a catalyst
loading of 0.1 mol%, the 2,2-diallyl-malonic acid diethyl ester needs 24 hours to be
quantitatively converted to its cyclic derivative, whereas 71% of the dimethyl analogous is
converted already after 1 hour. This functionalized substrate reacts more rapidly than the
standard substrate, 1,7-octadiene at the same reaction conditions (Table 4.3.2-1 entry 3, table
4.3.2-2 entry 3). The macrocycle in table 4.3.2-2, entry 3, yields very low conversions in
common solvents, but in ionic liquid, achieves 20% conversion after 24 hours at very mild
conditions (25 ºC, sub./5. = 1000/1). Moreover, oxacyclohexadec-11-en-2-one is widely used
as a fragrance, after hydrogenation of the double bond, thus is necessary to obtain it in a pure
form (metal-free). This new solvent system allows an easy separation of the products from the
catalyst.
Table 4.3.2-3 Room temperature RCM of 1,7-octadiene in [emim][Tf2N]: catalyst recycling with pentane.
Sub./5 = 100/1
 Entry/Run Recycling t, min. Conv., % 
1 - 70 92 
2 run 1 105 22 
3 run 2 190 0 
The recyclability of the ruthenium complex 5 in the system [emim][Tf2N]/pentane has
been successively investigated (Table 4.3.2-3). Thus, the standard reaction on 1,7-octadiene
was carried out at optimized conditions and the catalytic solution was recycled three times,
extracting the products with pentane at the end of every run (Table 4.3.2-3). As shown in table
4.3.2-3, for a substrate to catalyst ratio of 100, the conversion drops already at the second run
(Table 4.3.2-3 entry 2). This decrease of activity may be due either to a catalyst leaching,
during the extraction with pentane, or to a decomposition of the catalyst. The instability of the
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catalytic species, already observed for other transition metal catalyzed reactions (with Pd, Ni
and Pt) carried out in ionic liquids, may be attributed to an undesired reaction between the
proton in 2 position of the imidazolium salt and the metal center.43 On the other hand, this
effect was not observed in the earlier experiments reported here where the activity of the
catalyst only slightly decreased after the second run (Table 4.3.2-1 entries 1b, 2b and 3b).
Thus, this drop of catalytic activity is most probably due to the incorporation of air or
moisture during the recycling of the catalyst and isolation of the products with pentane.
From these results, it appears that the ring-closing metathesis of various substrates can
be efficiently carried out in ionic liquids. A major drawback of this system is the use of
additional volatile solvents for the extraction and the necessity to open the reaction vessel
which may cause decomposition of the catalyst. Therefore, supercritical carbon dioxide
(scCO2)20, 44 was tested as an alternative solvent for the recycling of the Grubbs catalyst form
IL.
Table 4.3.2-4 Room temperature RCM of 1,7-octadiene in [emim][Tf2N]: catalyst recycling with scCO2 (80 bar,
35 ºC, d = 0.362). Sub./5 = 100/1
 Entry/Run Recycling t, h Conv., % 
1 - 1 73 
2 run 1 1 10 
3 run 2 1 7 
At the optimized reaction conditions, the ring-closing metathesis of 1,7-octadiene was
performed in [emim][Tf2N] and, at the end of the reaction, CO2 was used for the extraction of
the products. The reaction was carried out in a 10 mL stainless-steel autoclave equipped with
the appropriate valves to allow the extraction. A solution of the ruthenium complex 5 (8.1
µmol) and 1,7-octadiene (0.12 mL; sub./5 = 100) in [emim][Tf2N] was introduced under
argon in the reactor. The reaction was allowed to proceed for 1 hour at room temperature,
then the autoclave was pressurized with scCO2 (80 bar, 35 ºC, d = 0.362 g/mL) to extract the
products and collect them in a cold trap. At these conditions, one hour and 0.02 m3 of CO2
were necessary to complete the extraction process (the mass balance was always greater than
90%), then the same amount of diene was added to the catalytic solution. This
reaction/extraction was repeated three times (Table 4.3.2-4). The use of benign carbon dioxide
allows an efficient and easy (mild conditions) extraction of the products from the ionic liquid,
thus avoiding the use of volatile organic solvents such as pentane or aromatic compounds.
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Unfortunately, in the second run the conversion dropped to 10% and as expected did not
increase in the third cycle (Table 4.3.2-4 entries 2 and 3). As the reactor was never opened
and andventitious introduction of moisture or air can thus be excluded, this loss of reactivity
may be due to the instability of the catalyst in its active form in absence of substrate. This
problem might possibly overcome by performing the reaction in a continuous flow system,
where the substrate is continuously introduced by CO2 stream and the products extracted are
in a pure form. Thus, these preliminary results open the way to the development of a ring-
closing metathesis in IL/CO2 media performed in a continuous manner as part of future
studies.
4.4 Summary
The olefin metathesis reaction in ionic liquid has been described in this chapter. At the
time the work discussed here began, there were no other examples reported in the literature on
this topic. The organometallic complex chosen for these purposes was the first generation
Grubb’s catalyst [RuCl2(=CHPh)(PCy3)2] 5, in virtue of its high activity in ring closing
metathesis reaction and its high functional group tolerance. The catalytic solution can be
prepared simply by stirring, for a few minutes, a mixture of complex 5 in [emim][Tf2N]
(1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide). The system proves to be
extremely active in the ring-closing metathesis of 1,7-octadiene already at room temperature
and for a catalyst loading in the range of 0.1-2 mol%. For a substrate to catalyst ratio of 100,
1,7-octadiene is completely converted in cyclohexene within 1 hour at room temperature.
New substrate loading at the end of the first run resulted in an almost unchanged activity of
the catalyst (? 4.3.2, table 4.3.2-1). The catalyst is more active when dissolved in ionic liquid
than in absence of solvent. In addition, the catalytic system proved to be stable for quite long
periods with good activity even after 40 hours of reaction (? 4.3.2, table 4.3.2-1).
Successively, the reaction has been carried out on different substrates containing various
functional groups. High conversions were obtained in this case for the same optimized
conditions used for the standard substrate. The products can be quantitatively extracted with
pentane, thus allowing isolation of metal-free compounds. However, catalyst recycling after
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extraction with pentane leads to a sharp decrease of activity already in the second run. Similar
observations were made when the products were extracted with supercritical carbon dioxide
(scCO2). The products can be extracted easily and nearly quantitatively with CO2 but again
large decrease of catalytic activity was observed in the 2nd cycle.
4.5 Experimental
Safety warning:
The use of pressurized gases can be hazardous and must only be carried out with
suitable equipment and under appropriate safety precautions.
4.5.1 General techniques and materials
All experimental work was carried out under argon atmosphere using the Schlenk
technique. The pentane was distilled from sodium under argon atmosphere prior to use. The
ionic liquids were purchased by Solvent Innovation and filtered trough silica using CH2Cl2
prior to use. All commercially obtained substrates were degassed and stored under argon at
room temperature. Gas chromatographic (GC) analysis was performed on a HP 19091 S-433
gas chromatograph in combination with a HP 5973 Mass Selective Detector. A HP-5MS (5%
phenylmethylsiloxane, capillary 30 m x 250 µm x 0.25 µm) column was used, and helium was
applied as carrier gas. Tetradecane has been used as internal standard to determine the yield of
the reactions.
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4.5.2 RCM of 1,7-octadiene catalyzed by [RuCl2(=CHPh)(PCy3)2] in absence of solvent
In a 25 ml Schlenk were introduced catalyst 5 (15 mg; 0.02 mmol) and the 1,7-
octadiene (0.265 mL; 1.8 mmol) the pink solution was stirred for 1 hour at room temperature
and a small sample has been analyzed by GC-MS after filtration. Then the same amount of
substrate was added and the reaction performed again. After 1 hour the black mixture was
diluted with dry pentane and filtered trough silica before GC-MS analysis.
GC-MS Analysis: Method: 60 ºC, 5 °C/min until 170 ºC. The products were identified
having the following GC retention times: 1,7-octadiene = 2.79 min; cyclohexene = 2.11 min.
MS (70 eV, EI): m/z (%) 1,7-octadiene 110(2) [M+], 82(92) [M – CH2CH2+], 67(100) [C5H7+];
cyclohexene 82(56) [M+], 67(100) [M – CH3+], 54(43) [M – CH2CH2+].
4.5.3 RCM of 1,7 octadiene catalyzed by [RuCl2(=CHPh)(PCy3)2] in [emim][Tf2N]
In a 25 ml Schlenk were introduced the [emim][Tf2N] (2 mL) and the catalyst 5 (1.5
mg; 0.002 mmol). The viscous mixture was stirred for 20 min. After addition of 1,7-octadiene
(1.8 mmol), the pink solution was stirred at room temperature, until there was no bubble
evolution (15 hours), then the same amount of substrate was added and the reaction performed
again. After 20 hours, the products were extracted washing with dry pentane (3 x 5 ml) and
filtered trough silica before GC-MS analysis (see table 4.3.2-1 for details). The same
procedure was applied to the RCM of other diene substrates (see table 4.3.2-2 for details).
GC-MS Analysis: see 4.5.2.
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4.5.4 RCM of 1,7-octadiene catalyzed by [RuCl2(=CHPh)(PCy3)2] in [emim][Tf2N] and
extraction with pentane
In a 25 ml Schlenk were introduced the [emim][Tf2N] (2 mL) and the catalyst 5 (1.5
mg; 0.002 mmol). The viscous mixture was stirred for 20 min. After addition of 1,7-octadiene
(0.2 mmol) the pink solution was stirred at room temperature, until there was no bubble
evolution (70 min.), then the products were extracted with dry pentane (5 x 3 mL).
Successively, the same amount of substrate was added and the same procedure was followed
other two consecutive times. The extracted products were filtered trough silica before GC-MS
analysis (see table 4.3.2-3 for details).
GC-MS Analysis: see 4.5.2
4.5.5 RCM of 1,7-octadiene catalyzed by [RuCl2(=CHPh)(PCy3)2] 5 in [emim][Tf2N]
and extraction with scCO2
In a stainless-steel autoclave (10 mL volume) equipped with an inlet valve, pressure
gauge and temperature control was introduced under argon a solution of catalyst 1 (6.67 mg,
8.1 µmol) and 1,7-octadiene (0.12 mL, 0.81 mmol) in [emim][Tf2N] (3 mL). The mixture was
stirred for 1 hour at room temperature (20 ºC), then the reactor was pressurized with CO2 (80
bar) and the temperature increased up to 35 ºC (supercritical conditions). The exit valve was
opened and the extraction carried out for one hour. The products were collected in a cold trap
and analyzed by GC-MS.
GC-MS Analysis: see 4.5.2.
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The work presented in this thesis aimed at the synthesis, characterization, and catalytic
applications of non-classical ruthenium hydride complexes containing carbene ligands. The
new compounds were tested and compared to known catalysts in a variety of reactions such as
the Murai reaction, H/D exchange and hydrogenations. Another aspect of the work related to
the use of ruthenium carbene complexes of the Grubbs-type for ring-closing metathesis in
ionic liquid media.
Amid the organometallic compounds used in catalysis, metal alkylidene-complexes (or
metal carbene-complexes) have played a significant role in organic chemistry since the first
evidence of their existence. The synthesis of carbene-complexes of ruthenium remains an area
of great interest because of the manifold of applications in organic synthesis for example in
C-C forming reactions. Among the ligands used in organometallic synthesis, non-classical
hydrides also play a fundamental role. Although these ligands have been largely studied in
organometallic complexes, applications in catalysis are limited. The first part of the work
presented here deals with the synthesis and the characterization of the first ruthenium
complexes containing both non-classical hydride and N-heterocyclic carbene ligands in the
same coordination sphere. Furthermore, the second part of the thesis deals with the catalytic
activity of one of these complexes.
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H H
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Scheme 5-1 Synthesis of carbene-complexes containing non-classical hydrides. Reaction conditions: solvent =
hexane; T = 55 °C; t = 6 hours for 2, 18 h for 3 and 3’; H2 = 6 bar.
As shown in scheme 5-1, for all the prepared complexes the synthesis started from the well
known ruthenium precursor containing non-classical hydride ligands (Chaudret’s complex, 1)
and free IMes carbene (IMes = 1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene). Complexes
2 and 3 have been obtained as crystals from the mother liquor after storing at low temperature
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for a few days, while 3’ is formed from 3 by incorporation of nitrogen (? 2.3.3). These
complexes represent the first organometallic compounds, which contain basic N-heterocyclic
carbenes and acid dihydrogen ligands in the same coordination sphere. The synthetic method
used for 2 and 3 offers an approach to the synthesis of other structurally interesting similar
σ−complexes containing various carbene ligands. Other possible synthetic approaches such as
the transmetallation reaction from silver-carbene complexes or the direct hydrogenation route
were so far unsuccessful.
In all cases, the replacement of one or two phosphine ligands for a more basic
N-heterocyclic carbene influences the structural and electronic features of the complexes.
X-Ray analysis for these ruthenium complexes reveals a trans-arrangement of the bulky
ligands. The key structural features can be summarized as follow:
 1. The C-Ru-P angle for 2 and the C-Ru-C angle for 3 and 3’ are significantly bent (ca.
166°), in contrast to the symmetric precursor 1 (P-Ru-P = 179°).
 2. The H-H distances for 2 are shorter than the ones measured for 1.
 3. The Ru-H2 bond distances increase as increasing the number of IMes ligands.
 4. The Ru-H2 bond distances for 2 and 3 are longer than the Ru-H bond distances, whereas
the opposite trend was observed for 1.
 5. The Ru-C bond distances are shorter than the Ru-P distances. Moreover, they are among
the shortest measured for similar carbene-complexes.
Moreover, detailed NMR studies revealed that:
 1. The value of the chemical shift in the 31P-NMR for complex 2 is only slightly shifted
(less than 1 ppm) in comparison with the starting Chaudret’s complex 1.
 2. The averaged chemical shift for the classical and non-classical hydrides shifts to lower
fields as increasing the number of carbene ligands (1: δ = -7.89; 2: δ = -7.35; 3: δ = -6.9.
See figure 2.3.3-8 for details).
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 3. The chemical shifts of the mesitylene rings for 2 moved to lower fields, whereas the
signal of the CH in the five member ring is shifted to the opposite direction as compared
with the free IMes ligand (see figure 2.3.3-3 for details).
 4. The chemical shifts measured for the mesitylene rings in 3 moved to opposite directions,
whereas the signal for the CH in the five member ring is shifted to higher fields as
compared with the free IMes ligand and with complex 2 (see figure 2.3.3-9 for details).
Figure 5-1 Comparison of structural features within the first coordination sphere of 1, 2 and 3.
These results (shorter dH-H and 1H-NMR analysis) are in accordance with an increased
σ-donation from the H2 ligands to the metal center. Moreover, the 1H-NMR analysis in the
aromatic region for 2 and 3 reveals an increased electrondensity on the five membered ylidene
rings as compared with the free IMes ligand. Even though N-heterocyclic carbene ligands are
stronger σ-donors than common phosphines, especially for aromatic ylidene rings, a
back-donation from the metal to the pπ free orbital on the carbon may play an important role.
This would also explain the rather short Ru-C bond distances measured for 2 and 3.
The phosphine replacement for more electron-donating ligands also has a strong
influence on the reactivity and catalytic properties of the ruthenium complex, as extensively
discussed in chapter 3 for complex 2.
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Figure 5-2 Chemical transformations catalyzed by complex 2.
The complex [(IMes)Ru(H)2(H2)2(PCy3)] 2 exhibits a unique reactivity pattern for
intra- and inter-molecular activation of C-H bonds (? 3.2), as shown by H/D exchange with
deuterated aromatic solvents. In particular, 2 effects a rapid and remarkably selective
intermolecular activation of sp2 C-H bonds in simple aromatic compounds at room
temperature. The deuterated complex 2a, obtained within 5 minutes of dissolving 2 in
deuterated benzene, has been tested as a catalyst for deuterium incorporation on various
substituted aromatic compounds. The nature of substituents on the aromatic core has a
decisive influence on the regio-selectivity and on the rate of the exchange process.
Furthermore, this reactivity seemed to be directly related to the presence of the IMes ligand,
as the related bisphosphine precursor 1 does not show a similar reactivity under the same
conditions. These interesting results have been communicated in various poster presentations
and a publication.
The carbene-derivative 2 has also been tested in the Murai reaction between
acetophenone and ethylene (? 3.3). Although the obtained conversion is never higher than
20%, complex 2 is capable of combining aromatic C-H bond activation with C-C bond
formation. Furthermore, comparing the chemo- and regio-selectivity of the H/D exchange
with acetophenone and the C-C bond formation clearly indicates that the two C-H activation
processes do not involve the same intermediates. The non-classical ruthenium hydride
complex 2 remains a promising lead structure for the functionalization of aromatic C-H
bonds. These results together with other more recent detailed studies were extensively
presented in a publication.
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The mixed phosphine/carbene complex 2 is not only active in the C-H activation of
aromatic substrates but it also exhibits catalytic activity in the hydrogenation of ketones,
polyaromatic compounds and nitriles (? 3.4). Particularly, complex 2 proved to be a
promising catalyst for the selective hydrogenation of adiponitrile (ADN) to aminocapronitrile
(ACN) (? 3.4.2). Tuning of the reaction conditions allows an excellent control of activity (≥
90%) and chemo-selectivity (≥ 80%). For a hydrogen pressure ≥ 70 bar the production of
secondary and tertiary amines, common byproducts in the hydrogenation of nitriles, is
suppressed completely. Activity, chemo- and regio-selectivity obtained with the catalyst 2 are
significantly higher as compared to complex 1. Thus, the use of these non-classical ruthenium
hydride complexes modified with carbene ligands offers a potential approach to the synthesis
of amino nitriles. Moreover, this represents one of the very few examples of reduction of
nitriles carried out in homogeneous system reported so far in literature.
At the end of the work presented here, the study on ruthenium-carbene complexes was
focused on the olefin metathesis catalyzed by Grubbs catalyst [RuCl2(=CHPh)(PCy3)2] (4) (?
4.3). In particular, the ring-closing metathesis of various dienes was successfully carried out in
ionic liquid such as [emim][Tf2N] (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide). Catalyst 4 dissolved in ionic liquid is already active at
room temperature and for rather small catalyst loading (0.1 mol%). Furthermore, the catalytic
system is more active in the presence of an ionic liquid than without solvent. The products of
ring-closing metathesis of small and large diene molecules can be extracted with organic
solvents such as pentane. More interestingly, the products can be isolated by extraction with
scCO2 thus avoiding the use of volatile organic compounds, which can limit industrial
applications (? 4.3.2). In both cases, catalytic activity drops sharply upon reuse of the ionic
liquid after extraction. This seems to be associated with an instability of the active species in
absence of substrate, as long term stability of 4 under metathesis conditions in IL was
demonstrated in control experiments. Therefore, the development of a catalytic process where
the metathesis coupling is carried out in ionic liquid and the products are extracted
continuously and selectively with a benign solvent, such as scCO2, remains a challenging area
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A1 Crystal data and structure refinement for [(IMes)Ru(H)2(H2)2(PCy3)]
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Identification code 3987
Empirical formula C39 H63 N2 P Ru
Color brown
Formula weight 691.95  g ⋅ mol-1
Temperature 100 K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P21/n,  (no. 14)
Unit cell dimensions a = 12.1460(7) Å α = 90°.
b = 18.9333(11) Å β= 106.291(2)°.
c = 17.2816(10) Å γ = 90°.
Volume 3814.6(4) Å3
Z 4
Density (calculated) 1.205  Mg ⋅ m-3
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Absorption coefficient 0.480 mm-1
F(000) 1480 e
Crystal size 0.32 x 0.20 x 0.12 mm3
θ range for data collection 2.05 to 33.17°.
Index ranges -18 ≤ h ≤ 13, -29≤ k ≤ 28, -12 ≤ l ≤ 26
Reflections collected 41072
Independent reflections 13993 [Rint = 0.0853]
Reflections with I>2σ(I) 7807
Completeness to θ = 27.50° 99.1 %
Absorption correction Gaussian
Max. and min. transmission 0.95 and 0.87
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 13993 / 0 / 416
Goodness-of-fit on F2 0.923
Final R indices [I>2σ(I)] R1 = 0.0576 wR2 = 0.1038
R indices (all data) R1 = 0.1369 wR2 = 0.1251
Largest diff. peak and hole 0.648 and -0.699 e ⋅ Å-3
Bond lengths [Å] and angles [°]
Ru(1)-C(1) 2.055(2) Ru(1)-P(1) 2.3166(7) 
Ru(1)-H(4) 1.82(5) Ru(1)-H(5) 1.60(4) 
Ru(1)-H(6) 1.69(4) Ru(1)-H(7) 1.63(5) 
Ru(1)-H(8) 1.60(3) Ru(1)-H(9) 1.44(3)
H(6)-H(7) 0.67(6) H(4)-H(5) 0.84(5)
P(1)-C(71) 1.858(3) P(1)-C(81) 1.869(3) 
P(1)-C(61) 1.878(3) N(1)-C(1) 1.371(3) 
N(1)-C(2) 1.389(3) N(1)-C(11) 1.437(3) 
C(1)-N(2) 1.368(3) N(2)-C(3) 1.391(3) 
N(2)-C(21) 1.440(3) C(2)-C(3) 1.339(4) 
C(2)-H(2) 0.9500 C(3)-H(3) 0.9500 
C(11)-C(16) 1.386(4) C(11)-C(12) 1.401(4) 
C(12)-C(13) 1.389(4) C(12)-C(17) 1.494(4) 
C(13)-C(14) 1.385(4) C(13)-H(13) 0.9500 
C(14)-C(15) 1.387(4) C(14)-C(18) 1.508(4) 
C(15)-C(16) 1.393(4) C(15)-H(15) 0.9500 
C(16)-C(19) 1.501(4) C(17)-H(17A) 0.9800 
C(17)-H(17B) 0.9800 C(17)-H(17C) 0.9800 
C(18)-H(18A) 0.9800 C(18)-H(18B) 0.9800 
C(18)-H(18C) 0.9800 C(19)-H(19A) 0.9800 
C(19)-H(19B) 0.9800 C(19)-H(19C) 0.9800 
C(21)-C(22) 1.392(4) C(21)-C(26) 1.397(4) 
C(22)-C(23) 1.390(4) C(22)-C(27) 1.508(4) 
C(23)-C(24) 1.392(4) C(23)-H(23) 0.9500 
C(24)-C(25) 1.376(4) C(24)-C(28) 1.513(4) 
C(25)-C(26) 1.391(4) C(25)-H(25) 0.9500 
C(26)-C(29) 1.492(4) C(27)-H(27A) 0.9800 
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C(27)-H(27B) 0.9800 C(27)-H(27C) 0.9800 
C(28)-H(28A) 0.9800 C(28)-H(28B) 0.9800 
C(28)-H(28C) 0.9800 C(29)-H(29A) 0.9800 
C(29)-H(29B) 0.9800 C(29)-H(29C) 0.9800 
C(61)-C(62A) 1.444(5) C(61)-C(66) 1.505(4) 
C(61)-C(62B) 1.501(9) C(61)-H(61) 1.0000 
C(62A)-C(63) 1.557(5) C(62A)-H(62A) 0.9900 
C(62A)-H(62B) 0.9900 C(62B)-C(63) 1.628(9)
C(62B)-H(62C) 0.9900 C(62B)-H(62D) 0.9900 
C(63)-C(64B) 1.410(9) C(63)-C(64A) 1.610(6) 
C(63)-H(63A) 0.9900 C(63)-H(63B) 0.9900 
C(64A)-C(65A) 1.519(6) C(64A)-H(64A) 0.9900 
C(64A)-H(64B) 0.9900 C(65A)-C(66) 1.486(5) 
C(65A)-H(65A) 0.9900 C(65A)-H(65B) 0.9900 
C(64B)-C(65B) 1.493(14) C(64B)-H(64C) 0.9900 
C(64B)-H(64D) 0.9900 C(65B)-C(66)                        1.586(10) 
C(65B)-H(65C) 0.9900 C(65B)-H(65D) 0.9900 
C(66)-H(66A) 0.9900 C(66)-H(66B) 0.9900 
C(71)-C(72) 1.537(4) C(71)-C(76) 1.537(4) 
C(71)-H(71) 1.0000 C(72)-C(73) 1.525(4) 
C(72)-H(72A) 0.9900 C(72)-H(72B) 0.9900 
C(73)-C(74) 1.524(4) C(73)-H(73A) 0.9900 
C(73)-H(73B) 0.9900 C(74)-C(75) 1.530(4) 
C(74)-H(74A) 0.9900 C(74)-H(74B) 0.9900 
C(75)-C(76) 1.533(4) C(75)-H(75A) 0.9900
C(75)-H(75B) 0.9900 C(76)-H(76A) 0.9900 
C(76)-H(76B) 0.9900 C(81)-C(86) 1.531(4) 
C(81)-C(82) 1.534(4) C(81)-H(81) 1.0000 
C(82)-C(83) 1.529(4) C(82)-H(82A) 0.9900 
C(82)-H(82B) 0.9900 C(83)-C(84) 1.517(4) 
C(83)-H(83A) 0.9900 C(83)-H(83B) 0.9900 
C(84)-C(85) 1.519(4) C(84)-H(84A) 0.9900 
C(84)-H(84B) 0.9900 C(85)-C(86) 1.532(4) 
C(85)-H(85A) 0.9900 C(85)-H(85B) 0.9900 
C(86)-H(86A) 0.9900 C(86)-H(86B) 0.9900
C(1)-Ru(1)-P(1) 165.98(7) C(1)-Ru(1)-H(4) 92.1(14) 
P(1)-Ru(1)-H(4) 96.2(14) C(1)-Ru(1)-H(5) 90.1(14) 
P(1)-Ru(1)-H(5) 91.9(14) H(4)-Ru(1)-H(5) 27.6(17) 
C(1)-Ru(1)-H(6) 85.9(15) P(1)-Ru(1)-H(6)                    106.4(15) 
H(4)-Ru(1)-H(6) 82(2) H(5)-Ru(1)-H(6) 110(2) 
C(1)-Ru(1)-H(7) 108.4(19) P(1)-Ru(1)-H(7) 84.6(19) 
H(4)-Ru(1)-H(7) 76(2) H(5)-Ru(1)-H(7) 103(2) 
H(6)-Ru(1)-H(7) 23(2) C(1)-Ru(1)-H(8) 84.8(12) 
P(1)-Ru(1)-H(8) 88.7(12) H(4)-Ru(1)-H(8)                   170.6(19) 
H(5)-Ru(1)-H(8) 160.7(19) H(6)-Ru(1)-H(8) 88.7(19) 
H(7)-Ru(1)-H(8) 96(2) C(1)-Ru(1)-H(9) 83.6(13) 
P(1)-Ru(1)-H(9) 83.1(13) H(4)-Ru(1)-H(9)                   107.5(19) 
H(5)-Ru(1)-H(9) 79.9(19) H(6)-Ru(1)-H(9)                   165.9(19) 
H(7)-Ru(1)-H(9) 167(2) H(8)-Ru(1)-H(9) 81.0(18) 
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C(71)-P(1)-C(81) 102.51(11) C(71)-P(1)-C(61)                102.82(13) 
C(81)-P(1)-C(61) 103.72(14) C(71)-P(1)-Ru(1)                  114.67(8) 
C(81)-P(1)-Ru(1) 113.72(9) C(61)-P(1)-Ru(1)                117.58(10) 
C(1)-N(1)-C(2) 112.3(2) C(1)-N(1)-C(11) 126.4(2) 
C(2)-N(1)-C(11) 121.2(2) N(2)-C(1)-N(1) 102.3(2) 
N(2)-C(1)-Ru(1) 128.07(18) N(1)-C(1)-Ru(1)                 129.64(18) 
C(1)-N(2)-C(3) 112.2(2) C(1)-N(2)-C(21) 127.0(2) 
C(3)-N(2)-C(21) 120.6(2) C(3)-C(2)-N(1) 106.6(2) 
C(3)-C(2)-H(2) 126.7 N(1)-C(2)-H(2) 126.7 
C(2)-C(3)-N(2) 106.6(2) C(2)-C(3)-H(3) 126.7 
N(2)-C(3)-H(3) 126.7 C(16)-C(11)-C(12) 122.8(3) 
C(16)-C(11)-N(1) 119.3(2) C(12)-C(11)-N(1) 117.9(2) 
C(13)-C(12)-C(11) 117.0(3) C(13)-C(12)-C(17) 122.0(2) 
C(11)-C(12)-C(17) 121.0(2) C(14)-C(13)-C(12) 122.3(3) 
C(14)-C(13)-H(13) 118.9 C(12)-C(13)-H(13) 118.9 
C(13)-C(14)-C(15) 118.5(3) C(13)-C(14)-C(18) 120.9(3) 
C(15)-C(14)-C(18) 120.6(3) C(14)-C(15)-C(16) 121.8(3) 
C(14)-C(15)-H(15) 119.1 C(16)-C(15)-H(15) 119.1 
C(11)-C(16)-C(15) 117.6(3) C(11)-C(16)-C(19) 121.5(3) 
C(15)-C(16)-C(19) 120.9(3) C(12)-C(17)-H(17A) 109.5 
C(12)-C(17)-H(17B) 109.5 H(17A)-C(17)-H(17B) 109.5 
C(12)-C(17)-H(17C) 109.5 H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 C(14)-C(18)-H(18A) 109.5 
C(14)-C(18)-H(18B) 109.5 H(18A)-C(18)-H(18B) 109.5 
C(14)-C(18)-H(18C) 109.5 H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 C(16)-C(19)-H(19A) 109.5 
C(16)-C(19)-H(19B) 109.5 H(19A)-C(19)-H(19B) 109.5 
C(16)-C(19)-H(19C) 109.5 H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 C(22)-C(21)-C(26) 122.7(2) 
C(22)-C(21)-N(2) 117.9(2) C(26)-C(21)-N(2) 119.3(2) 
C(23)-C(22)-C(21) 117.9(3) C(23)-C(22)-C(27) 121.3(3) 
C(21)-C(22)-C(27) 120.8(2) C(22)-C(23)-C(24) 121.0(3) 
C(22)-C(23)-H(23) 119.5 C(24)-C(23)-H(23) 119.5 
C(25)-C(24)-C(23) 119.1(3) C(25)-C(24)-C(28) 120.9(3) 
C(23)-C(24)-C(28) 120.0(3) C(24)-C(25)-C(26) 122.4(3) 
C(24)-C(25)-H(25) 118.8 C(26)-C(25)-H(25) 118.8 
C(25)-C(26)-C(21) 116.8(3) C(25)-C(26)-C(29) 121.3(3) 
C(21)-C(26)-C(29) 121.9(3) C(22)-C(27)-H(27A) 109.5 
C(22)-C(27)-H(27B) 109.5 H(27A)-C(27)-H(27B) 109.5 
C(22)-C(27)-H(27C) 109.5 H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 C(24)-C(28)-H(28A) 109.5 
C(24)-C(28)-H(28B) 109.5 H(28A)-C(28)-H(28B) 109.5 
C(24)-C(28)-H(28C) 109.5 H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 C(26)-C(29)-H(29A) 109.5 
C(26)-C(29)-H(29B) 109.5 H(29A)-C(29)-H(29B) 109.5 
C(26)-C(29)-H(29C) 109.5 H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 C(62A)-C(61)-C(66) 112.9(3) 
C(62A)-C(61)-C(62B) 43.6(4) C(66)-C(61)-C(62B) 122.9(4) 
C(62A)-C(61)-P(1) 117.5(2) C(66)-C(61)-P(1) 119.2(2) 
C(62B)-C(61)-P(1) 116.7(4) C(62A)-C(61)-H(61) 100.9 
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C(66)-C(61)-H(61) 100.9 C(62B)-C(61)-H(61) 57.7 
P(1)-C(61)-H(61) 100.9 C(61)-C(62A)-C(63) 113.2(3) 
C(61)-C(62A)-H(62A) 108.9 C(63)-C(62A)-H(62A) 108.9 
C(61)-C(62A)-H(62B) 108.9 C(63)-C(62A)-H(62B) 108.9 
H(62A)-C(62A)-H(62B) 107.8 C(61)-C(62B)-C(63) 106.4(6) 
C(61)-C(62B)-H(62C) 110.5 C(63)-C(62B)-H(62C) 110.5 
C(61)-C(62B)-H(62D) 110.5 C(63)-C(62B)-H(62D) 110.5 
H(62C)-C(62B)-H(62D) 108.6 C(64B)-C(63)-C(62A) 122.0(5) 
C(64B)-C(63)-C(64A) 31.8(4) C(62A)-C(63)-C(64A) 106.8(3) 
C(64B)-C(63)-C(62B) 111.8(5) C(62A)-C(63)-C(62B) 40.1(3) 
C(64A)-C(63)-C(62B) 120.4(4) C(64B)-C(63)-H(63A) 120.7 
C(62A)-C(63)-H(63A) 110.4 C(64A)-C(63)-H(63A) 110.4 
C(62B)-C(63)-H(63A) 126.3 C(64B)-C(63)-H(63B) 78.6 
C(62A)-C(63)-H(63B) 110.4 C(64A)-C(63)-H(63B) 110.4 
C(62B)-C(63)-H(63B) 70.3 H(63A)-C(63)-H(63B) 108.6 
C(65A)-C(64A)-C(63) 110.1(3) C(65A)-C(64A)-H(64A) 109.6 
C(63)-C(64A)-H(64A) 109.6 C(65A)-C(64A)-H(64B) 109.6 
C(63)-C(64A)-H(64B) 109.6 H(64A)-C(64A)-H(64B) 108.2 
C(66)-C(65A)-C(64A) 110.5(4) C(66)-C(65A)-H(65A) 109.5 
C(64A)-C(65A)-H(65A) 109.5 C(66)-C(65A)-H(65B) 109.5 
C(64A)-C(65A)-H(65B) 109.5 H(65A)-C(65A)-H(65B) 108.1 
C(63)-C(64B)-C(65B) 103.1(7) C(63)-C(64B)-H(64C) 111.1 
C(65B)-C(64B)-H(64C) 111.1 C(63)-C(64B)-H(64D) 111.1 
C(65B)-C(64B)-H(64D) 111.1 H(64C)-C(64B)-H(64D) 109.1 
C(64B)-C(65B)-C(66) 118.8(8) C(64B)-C(65B)-H(65C) 107.6 
C(66)-C(65B)-H(65C) 107.6 C(64B)-C(65B)-H(65D) 107.6 
C(66)-C(65B)-H(65D) 107.6 H(65C)-C(65B)-H(65D) 107.0 
C(65A)-C(66)-C(61) 116.4(3) C(65A)-C(66)-C(65B) 25.1(4) 
C(61)-C(66)-C(65B) 109.4(4) C(65A)-C(66)-H(66A) 108.2 
C(61)-C(66)-H(66A) 108.2 C(65B)-C(66)-H(66A) 89.2 
C(65A)-C(66)-H(66B) 108.2 C(61)-C(66)-H(66B) 108.2 
C(65B)-C(66)-H(66B) 131.2 H(66A)-C(66)-H(66B) 107.3 
C(72)-C(71)-C(76) 109.6(2) C(72)-C(71)-P(1)                112.23(18) 
C(76)-C(71)-P(1) 112.51(18) C(72)-C(71)-H(71) 107.4 
C(76)-C(71)-H(71) 107.4 P(1)-C(71)-H(71) 107.4 
C(73)-C(72)-C(71) 112.1(2) C(73)-C(72)-H(72A) 109.2 
C(71)-C(72)-H(72A) 109.2 C(73)-C(72)-H(72B) 109.2 
C(71)-C(72)-H(72B) 109.2 H(72A)-C(72)-H(72B) 107.9 
C(74)-C(73)-C(72) 111.1(2) C(74)-C(73)-H(73A) 109.4 
C(72)-C(73)-H(73A) 109.4 C(74)-C(73)-H(73B) 109.4 
C(72)-C(73)-H(73B) 109.4 H(73A)-C(73)-H(73B) 108.0 
C(73)-C(74)-C(75) 110.8(2) C(73)-C(74)-H(74A) 109.5 
C(75)-C(74)-H(74A) 109.5 C(73)-C(74)-H(74B) 109.5 
C(75)-C(74)-H(74B) 109.5 H(74A)-C(74)-H(74B) 108.1 
C(74)-C(75)-C(76) 111.4(2) C(74)-C(75)-H(75A) 109.3 
C(76)-C(75)-H(75A) 109.3 C(74)-C(75)-H(75B) 109.3 
C(76)-C(75)-H(75B) 109.3 H(75A)-C(75)-H(75B) 108.0 
C(75)-C(76)-C(71) 111.7(2) C(75)-C(76)-H(76A) 109.3 
C(71)-C(76)-H(76A) 109.3 C(75)-C(76)-H(76B) 109.3 
C(71)-C(76)-H(76B) 109.3 H(76A)-C(76)-H(76B) 107.9 
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C(86)-C(81)-C(82) 110.3(2) C(86)-C(81)-P(1)                117.59(18) 
C(82)-C(81)-P(1) 111.40(18) C(86)-C(81)-H(81) 105.5 
C(82)-C(81)-H(81) 105.5 P(1)-C(81)-H(81) 105.5 
C(83)-C(82)-C(81) 112.1(2) C(83)-C(82)-H(82A) 109.2 
C(81)-C(82)-H(82A) 109.2 C(83)-C(82)-H(82B) 109.2 
C(81)-C(82)-H(82B) 109.2 H(82A)-C(82)-H(82B) 107.9 
C(84)-C(83)-C(82) 111.6(3) C(84)-C(83)-H(83A) 109.3 
C(82)-C(83)-H(83A) 109.3 C(84)-C(83)-H(83B) 109.3 
C(82)-C(83)-H(83B) 109.3 H(83A)-C(83)-H(83B) 108.0 
C(83)-C(84)-C(85) 110.2(2) C(83)-C(84)-H(84A) 109.6 
C(85)-C(84)-H(84A) 109.6 C(83)-C(84)-H(84B) 109.6 
C(85)-C(84)-H(84B) 109.6 H(84A)-C(84)-H(84B) 108.1 
C(84)-C(85)-C(86) 111.1(2) C(84)-C(85)-H(85A) 109.4 
C(86)-C(85)-H(85A) 109.4 C(84)-C(85)-H(85B) 109.4 
C(86)-C(85)-H(85B) 109.4 H(85A)-C(85)-H(85B) 108.0 
C(81)-C(86)-C(85) 111.7(2) C(81)-C(86)-H(86A) 109.3 
C(85)-C(86)-H(86A) 109.3 C(81)-C(86)-H(86B) 109.3 
C(85)-C(86)-H(86B) 109.3 H(86A)-C(86)-H(86B) 107.9
______________________________________________________________________
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A2 Crystal data and structure refinement for [(IMes)2Ru(H)2(H2)(N2)]
C17
C13
C12C27 C18
C14
C11
N5
C28B
C2
C29'
C28A
C22
N1
C25'
C3
C23
H101
C15
C1N2
C24'
C26' C17'
C16
C21
Ru
C13'
C24
C12'
C23'
C21'
H103
H100
C1'
C19
C28
C26
N2'
C22'
H102
C25
C18'C14'C11'N1'
C29
C3' C2'
C15'
C16'C27'
C19'
Identification code 3945
Empirical formula C42 H50 N4 Ru
Color pale yellow
Formula weight 711.93  g · mol-1
Temperature 100 K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P21/c,  (no. 14)
Unit cell dimensions a = 14.2338(7) Å α= 90°. b = 11.2474(5)
Å
β= 92.095(2)°.
c = 24.3152(11) Å γ = 90°.
Volume 3890.1(3) Å
3
Z 4
Density (calculated) 1.216  Mg · m
-3
Absorption coefficient 0.435 mm
-1
F(000) 1496 e
Appendix A
142
Crystal size 0.39 x 0.18 x 0.18 mm
3
θ range for data collection 1.68 to 27.00°.
Index ranges -15 ≤ h ≤ 18, -10≤ k ≤ 14, -31 ≤ l ≤ 30
Reflections collected 32528
Independent reflections 8489 [Rint = 0.0751]
Reflections with I>2σ(I) 5916
Completeness to θ = 27.00° 100.0 %
Absorption correction Gaussian
Max. and min. transmission 0.93 and 0.84
Refinement method Full-matrix least-squares on F
2
Data / restraints / parameters 8489 / 0 / 423
Goodness-of-fit on F2 1.042
Final R indices [I>2σ(I)] R1 = 0.0557 wR
2
 = 0.1295
R indices (all data) R1 = 0.0939 wR
2
 = 0.1440
Largest diff. peak and hole 1.598 and -0.777 e · Å
-3
Bond lengths [Å] and angles [°]
C(1)-N(1) 1.365(5) C(1)-N(2) 1.368(5) 
C(1)-Ru 2.057(4) C(1')-N(1') 1.377(5) 
C(1')-N(2') 1.380(5) C(1')-Ru 2.050(4)
H(100)-H(102) 0.90(8) C(2)-C(3) 1.336(7) 
C(2)-N(1) 1.397(6) C(2')-C(3') 1.343(7) 
C(2')-N(1') 1.388(5) C(3)-N(2) 1.390(5) 
C(3')-N(2') 1.393(5) C(11)-C(16) 1.384(6) 
C(11)-C(12) 1.396(6) C(11)-N(1) 1.446(5) 
C(11')-C(16') 1.392(6) C(11')-C(12') 1.401(6) 
C(11')-N(1') 1.427(5) C(12)-C(13) 1.389(6) 
C(12)-C(17) 1.502(7) C(12')-C(13') 1.396(6) 
C(12')-C(17') 1.504(6) C(13)-C(14) 1.392(7) 
C(13')-C(14') 1.388(7) C(14)-C(15) 1.385(6) 
C(14)-C(18) 1.506(6) C(14')-C(15') 1.404(6) 
C(14')-C(18') 1.502(6) C(15)-C(16) 1.396(6) 
C(15')-C(16') 1.400(6) C(16)-C(19) 1.513(6) 
C(16')-C(19') 1.500(6) C(21)-C(26) 1.380(6) 
C(21)-C(22) 1.399(6) C(21)-N(2) 1.444(5) 
C(21')-C(22') 1.390(6) C(21')-C(26') 1.396(6) 
C(21')-N(2') 1.442(5) C(22)-C(23) 1.400(7) 
C(22)-C(27) 1.502(7) C(22')-C(23') 1.410(7) 
C(22')-C(27') 1.486(6) C(23)-C(24) 1.388(8) 
C(23')-C(24') 1.352(8) C(24)-C(25) 1.376(7) 
C(24)-C(28) 1.517(7) C(24')-C(25') 1.392(9) 
C(24')-C(28B) 1.504(13) C(24')-C(28A)                    1.593(11) 
C(25)-C(26) 1.395(6) C(25')-C(26') 1.399(8) 
C(26)-C(29) 1.501(6) C(26')-C(29') 1.512(8)
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N(1)-C(1)-N(2) 102.6(3) N(1)-C(1)-Ru 128.2(3) 
N(2)-C(1)-Ru 129.0(3) N(1')-C(1')-N(2') 102.1(3) 
N(1')-C(1')-Ru 128.2(3) N(2')-C(1')-Ru 129.4(3) 
C(3)-C(2)-N(1) 106.2(4) C(3')-C(2')-N(1') 107.1(4) 
C(2)-C(3)-N(2) 107.0(4) C(2')-C(3')-N(2') 106.4(4) 
C(16)-C(11)-C(12) 122.8(4) C(16)-C(11)-N(1) 118.9(4) 
C(12)-C(11)-N(1) 118.3(4) C(16')-C(11')-C(12') 122.0(4) 
C(16')-C(11')-N(1') 119.7(4) C(12')-C(11')-N(1') 118.3(4) 
C(13)-C(12)-C(11) 117.3(4) C(13)-C(12)-C(17) 121.1(4) 
C(11)-C(12)-C(17) 121.6(4) C(13')-C(12')-C(11') 118.0(4) 
C(13')-C(12')-C(17') 121.3(4) C(11')-C(12')-C(17') 120.7(4) 
C(12)-C(13)-C(14) 122.3(4) C(14')-C(13')-C(12') 122.1(4) 
C(15)-C(14)-C(13) 118.1(4) C(15)-C(14)-C(18) 120.8(4) 
C(13)-C(14)-C(18) 121.2(4) C(13')-C(14')-C(15') 118.3(4) 
C(13')-C(14')-C(18') 121.0(4) C(15')-C(14')-C(18') 120.7(4) 
C(14)-C(15)-C(16) 122.1(4) C(16')-C(15')-C(14') 121.4(4) 
C(11)-C(16)-C(15) 117.5(4) C(11)-C(16)-C(19) 122.2(4) 
C(15)-C(16)-C(19) 120.3(4) C(11')-C(16')-C(15') 118.2(4) 
C(11')-C(16')-C(19') 121.1(4) C(15')-C(16')-C(19') 120.6(4) 
C(26)-C(21)-C(22) 122.7(4) C(26)-C(21)-N(2) 118.5(4) 
C(22)-C(21)-N(2) 118.8(4) C(22')-C(21')-C(26') 122.7(4) 
C(22')-C(21')-N(2') 119.6(4) C(26')-C(21')-N(2') 117.7(4) 
C(21)-C(22)-C(23) 116.6(5) C(21)-C(22)-C(27) 120.9(5) 
C(23)-C(22)-C(27) 122.5(5) C(21')-C(22')-C(23') 116.6(4) 
C(21')-C(22')-C(27') 121.5(4) C(23')-C(22')-C(27') 121.8(5) 
C(24)-C(23)-C(22) 122.2(4) C(24')-C(23')-C(22') 123.3(5) 
C(25)-C(24)-C(23) 118.8(4) C(25)-C(24)-C(28) 120.1(5) 
C(23)-C(24)-C(28) 121.1(5) C(23')-C(24')-C(25') 118.0(5) 
C(23')-C(24')-C(28B) 133.5(8) C(25')-C(24')-C(28B) 107.3(7) 
C(23')-C(24')-C(28A) 112.6(7) C(25')-C(24')-C(28A) 128.7(6) 
C(28B)-C(24')-C(28A) 28.1(5) C(24)-C(25)-C(26) 121.4(5) 
C(24')-C(25')-C(26') 122.4(5) C(21)-C(26)-C(25) 118.3(4) 
C(21)-C(26)-C(29) 121.1(4) C(25)-C(26)-C(29) 120.6(4) 
C(21')-C(26')-C(25') 116.8(5) C(21')-C(26')-C(29') 120.8(5) 
C(25')-C(26')-C(29') 122.3(5) C(1)-N(1)-C(2) 112.2(4) 
C(1)-N(1)-C(11) 125.0(3) C(2)-N(1)-C(11) 122.8(4) 
C(1')-N(1')-C(2') 112.1(4) C(1')-N(1')-C(11') 125.2(3) 
C(2')-N(1')-C(11') 122.3(4) C(1)-N(2)-C(3) 112.0(4) 
C(1)-N(2)-C(21) 125.4(3) C(3)-N(2)-C(21) 122.6(4) 
C(1')-N(2')-C(3') 112.2(4) C(1')-N(2')-C(21') 124.0(3) 
C(3')-N(2')-C(21') 123.6(4) C(1')-Ru-C(1)                   166.54(16)
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A3 Crystal data and structure refinement for [(IMes)2Ru(H)2(H2)2]
C27
C22
C23
C3
C17
C2
N2
C28
C21
C24
C17'
N1
C12 C1
H4
C25
C26
C13'
C27'
C11
H5
C12'
C13
C18'
C14'
C29
Ru1
C16
H8
C22'
C14
C23'
C11'
C19
C1'
H9
N2'
C15
H6
C15'
C18
N3'
C2'
C21'
H7
C16'
C3'
C24'
C28'C26'
C25'
C19'
C29'
Identification code 4660
Empirical formula C42 H54 N4 Ru
Color pale yellow
Formula weight 715.96  g · mol-1
Temperature 100 K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P21/c,  (no. 14)
Unit cell dimensions a = 14.1783(2) Å α = 90°.
b = 11.20610(10) Å β = 92.4460(10)°.
c = 24.2499(3) Å γ = 90°.
Volume 3849.40(8) Å3
Z 4
Density (calculated) 1.235  Mg · m-3
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Absorption coefficient 0.440 mm-1
F(000) 1512 e
Crystal size 0.19 x 0.16 x 0.15 mm3
θ range for data collection 3.11 to 31.03°.
Index ranges -20 ≤ h ≤ 20, -16≤ k ≤ 16, -35 ≤ l ≤ 35
Reflections collected 57032
Independent reflections 12272 [Rint = 0.0511]
Reflections with I>2σ(I) 10199
Completeness to θ = 27.75° 99.7 %
Absorption correction Gaussian
Max. and min. transmission 0.93 and 0.95
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 12272 / 0 / 442
Goodness-of-fit on F2 1.104
Final R indices [I>2σ(I)] R1 = 0.0419 wR2 = 0.0887
R indices (all data) R1 = 0.0563 wR2 = 0.0935
Largest diff. peak and hole 0.663 and -0.760 e · Å-3
Bond lengths [Å] and angles [°]
Ru(1)-C(1') 2.0421(19) Ru(1)-C(1)                     2.0454(18) 
Ru(1)-H(6) 1.7938 Ru(1)-H(9) 1.7475 
Ru(1)-H(5) 1.5874 Ru(1)-H(4) 1.5711 
Ru(1)-H(7) 1.7696 Ru(1)-H(8) 1.6453 
N(1)-C(1) 1.376(2) N(1)-C(2) 1.387(3) 
N(1)-C(11) 1.433(3) C(1)-N(2) 1.377(2) 
N(2)-C(3) 1.388(3) N(2)-C(21) 1.433(3) 
C(2)-C(3) 1.338(3) N(2')-C(1') 1.375(2) 
N(2')-C(2') 1.389(3) N(2')-C(11') 1.436(3) 
N(3')-C(1') 1.376(2) N(3')-C(3') 1.389(3) 
N(3')-C(21') 1.436(3) C(2')-C(3') 1.337(3)
C(11)-C(12) 1.395(3) C(11)-C(16) 1.398(3) 
C(12)-C(13) 1.392(3) C(12)-C(17) 1.493(3) 
C(13)-C(14) 1.375(4) C(14)-C(15) 1.390(5) 
C(14)-C(18) 1.512(4) C(15)-C(16) 1.395(4) 
C(16)-C(19) 1.497(4) C(21)-C(22) 1.390(3) 
C(21)-C(26) 1.400(3) C(22)-C(23) 1.389(3) 
C(22)-C(27) 1.508(3) C(23)-C(24) 1.393(3) 
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C(24)-C(25) 1.387(3) C(24)-C(28) 1.509(3) 
C(25)-C(26) 1.390(3) C(26)-C(29) 1.504(3)
C(11')-C(12') 1.389(3) C(11')-C(16') 1.395(3) 
C(12')-C(13') 1.392(3) C(12')-C(17') 1.501(3) 
C(13')-C(14') 1.379(3) C(13')-H(13') 0.9500 
C(14')-C(15') 1.388(4) C(14')-C(18') 1.513(3) 
C(15')-C(16') 1.397(4) C(16')-C(19') 1.507(3)
C(21')-C(22') 1.390(3) C(21')-C(26') 1.396(3) 
C(22')-C(23') 1.384(3) C(22')-C(27') 1.505(3) 
C(23')-C(24') 1.394(3) C(24')-C(25') 1.387(3) 
C(24')-C(28') 1.503(3) C(25')-C(26') 1.390(3) 
C(26')-C(29') 1.500(3)
C(1')-Ru(1)-C(1) 167.54(7) C(1')-Ru(1)-H(6) 94.0 
C(1)-Ru(1)-H(6) 93.5 C(1')-Ru(1)-H(9) 94.4 
C(1)-Ru(1)-H(9) 94.1 H(6)-Ru(1)-H(9) 99.4 
C(1')-Ru(1)-H(5) 86.3 C(1)-Ru(1)-H(5) 85.2 
H(6)-Ru(1)-H(5) 80.1 H(9)-Ru(1)-H(5) 179.2 
C(1')-Ru(1)-H(4) 87.8 C(1)-Ru(1)-H(4) 82.5 
H(6)-Ru(1)-H(4) 165.8 H(9)-Ru(1)-H(4) 94.5 
H(5)-Ru(1)-H(4) 86.0 C(1')-Ru(1)-H(7) 94.5 
C(1)-Ru(1)-H(7) 96.7 H(6)-Ru(1)-H(7) 26.8 
H(9)-Ru(1)-H(7) 72.6 H(5)-Ru(1)-H(7) 106.9 
H(4)-Ru(1)-H(7) 167.0 C(1')-Ru(1)-H(8) 83.4 
C(1)-Ru(1)-H(8) 99.7 H(6)-Ru(1)-H(8) 127.6 
H(9)-Ru(1)-H(8) 29.7 H(5)-Ru(1)-H(8) 151.0 
H(4)-Ru(1)-H(8) 66.6 H(7)-Ru(1)-H(8) 100.9 
C(1)-N(1)-C(2) 112.11(17) 
C(1)-N(1)-C(11) 123.69(16) 
C(2)-N(1)-C(11) 124.01(17) 
N(1)-C(1)-N(2) 102.18(15) 
N(1)-C(1)-Ru(1) 129.75(14) 
N(2)-C(1)-Ru(1) 127.77(14) 
C(1)-N(2)-C(3) 112.02(17) 
C(1)-N(2)-C(21) 125.20(16) 
C(3)-N(2)-C(21) 122.43(17) 
C(3)-C(2)-N(1) 106.83(18)
C(1')-N(2')-C(2') 112.40(17) 
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C(1')-N(2')-C(11') 124.60(16) 
C(2')-N(2')-C(11') 122.99(17) 
C(2)-C(3)-N(2) 106.85(18)
C(1')-N(3')-C(3') 112.33(17) 
C(1')-N(3')-C(21') 124.41(16) 
C(3')-N(3')-C(21') 123.26(18) 
N(2')-C(1')-N(3') 101.85(16) 
N(2')-C(1')-Ru(1) 129.11(14) 
N(3')-C(1')-Ru(1) 128.53(14) 
C(3')-C(2')-N(2') 106.68(19) C(2')-C(3')-N(3')              106.72(19)
C(12)-C(11)-C(16) 122.2(2) C(12)-C(11)-N(1)            119.67(17) 
C(16)-C(11)-N(1) 118.1(2) C(13)-C(12)-C(11) 117.9(2) 
C(13)-C(12)-C(17) 120.9(2) 
C(11)-C(12)-C(17) 121.22(19) C(14)-C(13)-C(12) 122.0(3)
C(13)-C(14)-C(15) 118.5(2) C(13)-C(14)-C(18) 120.4(3) 
C(15)-C(14)-C(18) 121.1(3) C(14)-C(15)-C(16) 122.3(2)
C(15)-C(16)-C(11) 117.1(2) C(15)-C(16)-C(19) 122.0(2) 
C(11)-C(16)-C(19) 120.8(2) C(22)-C(21)-C(26) 121.9(2) 
C(22)-C(21)-N(2) 119.96(17) 
C(26)-C(21)-N(2) 118.14(18) 
C(23)-C(22)-C(21) 118.05(19) C(23)-C(22)-C(27) 121.3(2) 
C(21)-C(22)-C(27) 120.61(19) C(22)-C(23)-C(24) 122.0(2)
C(25)-C(24)-C(23) 118.2(2) C(25)-C(24)-C(28) 120.7(2) 
C(23)-C(24)-C(28) 121.2(2) 
C(24)-C(25)-C(26) 122.03(19) C(25)-C(26)-C(21) 117.8(2) 
C(25)-C(26)-C(29) 121.64(19) C(21)-C(26)-C(29) 120.5(2)
C(12')-C(11')-C(16') 122.1(2) 
C(12')-C(11')-N(2') 118.57(18) 
C(16')-C(11')-N(2') 119.33(19) C(11')-C(12')-C(13') 118.3(2) 
C(11')-C(12')-C(17') 120.84(19) C(13')-C(12')-C(17') 120.9(2) 
C(14')-C(13')-C(12') 121.5(2) C(13')-C(14')-C(15') 118.9(2) 
C(13')-C(14')-C(18') 120.4(3) C(15')-C(14')-C(18') 120.7(2) 
C(14')-C(15')-C(16') 121.8(2) C(11')-C(16')-C(15') 117.4(2) 
C(11')-C(16')-C(19') 120.0(2) C(15')-C(16')-C(19') 122.6(2)
C(22')-C(21')-C(26') 122.22(19) 
C(22')-C(21')-N(3') 119.05(18) C(26')-C(21')-N(3') 118.7(2) 
C(23')-C(22')-C(21') 117.85(19) C(23')-C(22')-C(27') 120.7(2) 
C(21')-C(22')-C(27') 121.5(2) C(22')-C(23')-C(24') 121.9(2)
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C(25')-C(24')-C(23') 118.5(2) C(25')-C(24')-C(28') 121.4(2) 
C(23')-C(24')-C(28') 120.1(2) 
C(24')-C(25')-C(26') 121.61(19) C(25')-C(26')-C(21') 117.9(2) 
C(25')-C(26')-C(29') 120.8(2) C(21')-C(26')-C(29') 121.4(2)
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